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ABSTRACT
THE SYNTHESIS AND CHARACTERIZATION O F TRANSITION METAL COMPLEXES OF 
TRIAZACYCLODODECANE AND ITS TRI-N-METHYL AND ORTHOAMIDE DERIVATIVES
by
S te v e n  P. V anK ouw enberg  
University of New H am psh ire ,  D ec e m b e r ,  1989
T h e  c o m p a r a t i v e  s tu d y  of  t h e  m o n o -  a n d  tricyclic t r ia m in e  c o m p l e x e s  b a s e d  on  
tw e lv e -m e m b e re d  r ings a n d  th e  g ro u p  6  a n d  g ro u p  10 m e ta l s  h a s  b e e n  initiated. T h e  
fo u r  l i g a n d s  u s e d  in t h i s  s tu d y  w e r e  1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e  ([1 2 ] a n e N 3 ) ,  
1 , 5 , 9 - t r i m e t h y l - 1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e  ( M e 3 [ 1 2 J a n e N 3 ), 1 , 5 , 9 - t r i a z a c y c l o ­
d o d e c a n e  o r t h o f o r m a m i d e  ( o r t h o f o r m a m i d e )  a n d  1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e  
o r th o a c e ta m id e  (o r th o a c e ta m id e ) .  C o m p le x e s  with z e ro -v a le n t  g ro u p  6  m e ta l  (Cr, Mo, 
W) t r i c a r b o n y l s  w e r e  c h a r a c t e r i z e d  a n d  t h e  s i n g l e - c r y s t a l  X -ra y  s t r u c t u r e s  
d e t e r m i n e d  for e a c h  l ig a n d - m o ly b d e n u m  t r ic a rb o n y l  c o m p le x .  C o m p l e x e s  w ith  
n ic k e l ( l l ) ,  p a l l a d iu m ( l l )  a n d  p la t in u m (IV )  h a v e  b e e n  c h a r a c t e r i z e d  a n d  t h e  
s in g le - c ry s ta l  X -ray  s t ru c tu re  o f  o r th o a c e t a m i d e  P d C l 2  h a s  b e e n  d e te r m in e d .  T h e  
tricyclic o r th o a m id e s  h a v e  b e e n  found  to b e  l e s s  effective l ig a n d s  th a n  their  m on o cy c l ic  
c o u n te r - p a r t s .  W ith r e s p e c t  to  th e  z e ro -v a le n t  g ro u p  6  m e ta l s  t h e  o r d e r  of l ig an d  
s t r e n g th  h a s  b e e n  d e te r m in e d  to b e  [1 2 ] a n e N 3  > Me3 [1 2 ] a n e N 3  > o r t h o a c e t a m id e  > 
o r th o f o r m a m id e .
A s with o th e r  su b s t i tu te d  cyc lic  t r iam in es  M e 3 [1 2 ] a n e N 3  d i sp la y s  a n  effectively l a rg e  
c o n e - a n g l e  limiting th e  c o o rd in a t io n  of n ickel(ll)  a n d  p a l la d iu m (l l ) .  T h e  all t r a n s  
co n f ig u ra t io n  o b s e r v e d  in th e  o r th o a m id e  c o m p le x e s  f o r c e s  ring c o n fo rm a t io n s  w h ich ,  
like M e 3 ( 1 2 ] a n e N 3 , a l s o  d is p la y  la rge  c o n e - a n g l e s .  T h e  o r t h o a c e t a m i d e  limits th e  
co o rd ina tion  of palladium(ll) a n d  b o th  of th e  o r th o a m id e s  fo rce  s te r ic  c o m p r e s s io n  of  th e  
O C -M o-C O  b o n d  a n g le s  in th e  tricarbonyl c o m p le x e s .  O n th e  b a s i s  of s tru c tu ra l  c h a n g e s  
in o r t h o a c e t a m i d e  u p o n  c o m p le x a t io n  with m o ly b d e n u m (O )  t r ic a rb o n y l  a n d  with 
pailadium (ll)  d ich loride  th e  e lec tro n  don a t io n  of o r th o a c e ta m id e  a s  a  b id e n ta te  l igand to 
th e  s t ro n g e r  Lewis a c id  is e q u a l  to th e  tr id en ta te  d o n a t io n  to  t h e  m olybdenum (O ).
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Introduction
T ransition  m e ta l  coo rd ina tion  chem is try ,  th e  s tu d y  of in te rac t ions  b e tw e e n  o n e  o r  m ore  
Lew is  b a s e  a n d  a  transit ion  m eta l  c e n te r ,  is a  function of th e  l igand  ty p e  a s  well a s  th e  
m e ta l  u se d .  T h e  Lewis b a s e  d o n o rs  a r e  ca l led  l igands  a n d  th e  a d d u c t s  fo rm ed  a r e  ca l led  
c o o rd in a t io n  c o m p le x e s  o r  m o re  simply c o m p le x e s .  C o m m o n  m e a s u r e s  of coord ina tion  
in te rac tion  a r e  l igand field splitting a n d  form ation  c o n s ta n t s .
L igand field splitting is t h e  s u m m a t iv e  e ffec t o f  all l ig an d -m e ta l  in te r a c t io n s  on  th e  
fo rm er ly  d e g e n e r a t e  d  o r b i t a l s .  T h e  e n e r g y  d i f f e r e n c e  b e t w e e n  th e  r e s u l t in g  
n o n d e g e n e r a t e  o rb i ta ls  c a n  b e  r a t io n a l iz e d  in t e r m s  of a n - a d  re p u l s io n ,  p n  -d n  
repu ls ion  a n d  m e ta l  to  l igand  dn-prc do n a t io n .  M ore e le c t ro n e g a t iv e  ligating a to m s  with 
l e s s  d i f fu se  o rb i ta l s  i n c r e a s e  th e  l ig a n d  field sp li t t ing  by  i n c r e a s i n g  th e  a n - a d  
re p u ls io n .  T h is  e x p la in s  t h e  l igand field s e r i e s  I' < B r  < CT < F \  T h e  ad d i t iona l  
r e p u ls io n  of  e l e c t r o n s  in t h e  p ji-dn o rb i ta l s ,  w h ich  a r e  o r th o g o n a l  to th e  a n - a d  
o rb ita ls ,  h a s  t h e  o p p o s i te  e f fe c t  on th e  l igand  field. A s  th e  n u m b e r  of o r th o g o n a l  lone  
p a i r s  on  th e  l igand d e c r e a s e s  a n d  the  n u m b e r  of u n o c c u p ie d  o r th o g o n a l  o rb ita ls  i n c r e a s e s  
t h e  ligand field splitting in c r e a s e s ,  i.e.: F" < OH" < H gO  < NH3  < N O 2 '  < CN".
F orm atio n  c o n s t a n t s  re f lec t  e n th a lp ic  a n d  e n tro p ic  e f fe c ts  [ log Kf= (A H -T A S )/-2 .303  
R T  ]. In c o n t r a s t  to l igand  field splitting, which c o n s id e r s  only th e  b o n d in g  within the  
a d d u c t  i n d e p e n d e n t  of th e  m ed iu m , th e  en th a lp ic  e f fe c ts  re su lt  from th e  total e n e rg y  of 
b o n d  fo rm ation  a n d  b r e a k a g e  within th e  m ed iu m . W h e n  m o n o d e n ta te ,  o r  s ing le  d onor ,  
l ig a n d s  a re  c o n n e c t e d  to g e th e r ,  they  form  m ult id en ta te  l igands .  A c o m p le x  fo rm ed  by  a  
m u l t id e n ta te  l ig a n d  is re fe re d  to  a s  a  c h e la te  (F igure  1-1). T h e  leng th  a n d  n a tu re  of the  
c o n n e c t io n  b e tw e e n  d o n o r  a t o m s  in a  c h e la te  m a y  a ffec t  th e  en th a lp y  of b o n d  form ation 
b u t  th e  v e ry  e x i s t e n c e  of s u c h  a  c o n n ec t io n  r e su l ts  in a  significant e n t ro p ic  c h a n g e .  In 
g e n e r a l ,  th e  lo w er  en tropy  lo s s  for c o m p lex a t io n  of a  m u lt id en ta te  l igand  c o m p a r e d  with 
a n  e q u iv a le n t  n u m b e r  o f  m o n o d e n t a t e  l ig a n d s  r e s u l t s  in a n  i n c r e a s e d  s tability  for
1
m ult id en ta te  c o m p le x e s ,  called  th e  c h e la te  effect.
F ig u re  1-1
n > 0
L
T h is  w ork  is  c o n c e r n e d  with th e  c o o rd in a t io n  c h e m is t r y  of t r i a z a - h e t e r o c y c l e s .  
H e te ro c y c l ic  l ig a n d s  a r e  of in te r e s t  b e c a u s e  th e y  o ffe r  low er  s o lv a t io n  e n e r g y  a n d  
g r e a t e r  co n fo rm a tio n a l  p re o rg a n iz a t io n  th an  th e ir  acyclic  a n a lo g s .  Of sp e c ia l  in te re s t  in 
th is  s tu d y  a r e  t h e  d if fe re n c es  b e tw e e n  s truc tura lly  rigid tricyclic s y s t e m s  a n d  th e  m o re  
f lexible  m o n o c y c l ic  h e te ro c y c le s .  N itrogen  is a n  in te rm e d ia te  l igand-f ie ld  d o n o r  th a t  
f o rm s  s t a b le  h e t e r o c y c l e s  of t h e  form {Figure I-2 );
F ig u r e  I-2
A lthough  a  la rge  n u m b e r  of h e te ro c y c le s  of th is  ty p e  a r e  k n o w n , four sy m m e tr ic a l  
h e te ro c y c le s  a n d  their  d e r iv a t iv e s  a r e  m o s t  c o m m o n .  T h e  following a b b re v ia t io n s  will 
b e  u s e d  in re fe re n ce  to t h e s e  ligands.
n m,l n a m e
2 2 1 ,4 ,7 - t r iazacy c lo n o n an e
3  2 1 ,4 ,7 - t r iazacy c lo d ecan e
2 3 1 ,4 ,8 - t r iazacy c lo u n d ecan e




[1 1 ] a n e N 3
[12 ]a n e N 3
While th e  ch em is try  of t r ia za -h e te ro cy c l ic  c o m p le x e s  h a s  b e e n  d o m in a te d  by [9 ]aneN 3  
a n d  its d e r iv a t iv e s ,  th e  f o c u s  of o u r  w o rk  is t h e  p r e p a r a t i o n  a n d  s p e c t r o s c o p i c  
ch a ra c te r iz a t io n  of c o m p le x e s  b a s e d  o n  th e  la rge r  [1 2 ]a n e N 3  a n d  M e 3 [1 2 ]a n e N 3 ,
T h e  c o n te x t  within w h ic h  w e  will c o n s i d e r  t h e s e  c o m p l e x e s  in c lu d e s :  i) th e  
c o n f o r m a t io n s  a n d  c o n f ig u r a t io n s  o f  th e  p a r e n t  l ig a n d  h e t e r o c y c l e s  a n d  ii) th e  
c o o rd in a t io n  ch e m is t ry  o f  t h e s e  t r i a z a -h e te ro c y c le s .  T h e  la t te r  will f o c u s  o n :  a )  th e  
applicab ili ty  of th e  m a c ro c y c l ic  effec t,  b) th e  e f fec ts  of ring s iz e  a n d  su b s t i tu t io n  a n d ,
c) sy n th e t ic  m e th o d s .
i) T h e  n i t ro g en  co n f ig u ra t io n  of typical cyclic  t r ia m in e s  is highly f luxional. A lthough  
co n fo rm a t io n a l  e n e rg y  m in im a  do  ex is t  for e a c h  con f ig u ra t io n  it is unlikely tha t  s u c h  a  
m in im um  in a n  u n fav o rab le  binding c o n fo rm a tio n  c o u ld  p re c lu d e  c o m p le x  fo rm ation  for 
any  ring configura tion . R ing fusion , h o w e v e r ,  d o e s  o ffe r  the  possib ili ty  of rigid s y s t e m s  
fo rc e d  into m in im um  e n e r g y  c o n fo rm a t io n s  in which  a l te rn a t iv e  c o n f ig u ra t io n s  a r e  not 
a v a i l a b le .  F u s e d  ring s y s t e m s  a r e  t h e r e f o r e  l e s s  likely to fo rm  c o m p l e x e s  with 
s tru c tu ra l  i s o m e r s  th an  a r e  th e  m onocyclic  l igands.
S u c h  tricyclic ring s y s t e m s ,  o r th o a m id e  d e r iv a t iv e s  of [9 ]an eN 3  t h r o u g h  ( 1 2 ] a n e N 3 ,
h a v e  b e e n  p r e p a r e d . 1 >2.3 T h e  g e n e ra l i z e d  d raw ing  of t h e s e  o r th o a m id e s ,  F igu re  I-3, 




^ ( d 4 ) n — '
R= H, Me, Et 
n = 2 , 3  
m = 2 , 3
F u n d a m e n ta l ly  d ifferen t configura tions  a r e  o b s e rv e d  for n= m = 2  a n d  n = m = 3  with Ft= H. 
With n = m = 2 , F igure  i-4 a ,  only  a  c i s .c i s .c i s  rino fus ion  is o b s e r v e d 1 with t h e  n i trogen  
lone  p a i r s  sy n  to  th e  m eth iny l  h y d ro g e n .  In n= m =3, F igu re  l-4b, a  t r a n s . t r a n s . t r a n s  
ring fu s ion  is o b s e r v e d  i n s t e a d 1 which f o rc e s  the  n i t ro g en  lone  p a irs  to b e  anti to the  
m ethinyl h y d ro g e n .  T h e  in teresting  f e a tu r e  of th is  s t ru c tu re  is tha t  all t h r e e  lone p a i r s  
of  e le c t ro n s  a r e  para lle l  a n d  the  n i t ro g e n s  a r e  within 2 .4  a n g s t r o m s  of e a c h  o the r .  T h e  
s t ru c tu re  a n d  fluxional b e h a v io r  of t h e s e  m o le c u le s  h a v e  b e e n  s tu d ie d  for th e ir  un iq u e  
stab ili ty  a n d  n i t ro g e n  lo n e  pa ir  a l ig n m e n t .  In v e s t ig a t io n s  of th e  e f fe c t  of n e g a t iv e  
h y p e r c o n ju g a t io n ,  a s s o c i a t e d  with th is  an ti  co n f ig u ra t io n ,  h a v e  b e e n  c o m p l e t e d . 1 ' 6  
H o w e v e r ,  th e i r  c o o r d in a t io n  c h e m is t ry  r e m a in s  little e x p lo r e d .  S u c h  s t u d i e s  a r e  
im p o r tan t  for c o m p a r i s o n  with th o s e  of  o th e r  h e te ro c y c le s  a s  well a s  in u n d e r s ta n d in g  
th e  s t ru c tu ra l  c h a n g e s  of t h e  ligand u p o n  co m plexa tion .  In terac tion  of th e  n i trogen  lone 
pa ir  e l e c t r o n s  with a  m e ta l  sh o u ld  l e s s e n  th e  a n o m e r ic  e f fec t  a n d  th e  e x t e n t  of s u c h  






R e p la c e m e n t  of th e  m eth in y l  h y d ro g e n  in [1 2 ] a n e N 3 - o r th o fo rm a m id e  ( F ig u r e  l-4b 
with R= H) b y  a  m ethy l  o r  ethyl g r o u p  sh if ts  th e  b a l a n c e  to w a r d  cis  r ing  fu s ions .  
Spec if ica lly ,  u s in g  nm r ( n u c le a r  m a g n e t i c  r e s o n a n c e )  s p e c t r o s c o p y  W e i s m a n  e t  al2  
s h o w e d  t h a t  t h e  m e th y l  d e r iv a t iv e  e x i s t s  a s  a n  e q u i l ib r iu m  m ix tu re  of  two 
co n f ig u ra t io n s .  T h e  s y m m e t r i e s  of t h e s e  s p e c i e s  a r e  c o n s i s t e n t  with t r a n s . t r a n s . t r a n s  
(F ig u re  l-4b) a n d  c i s . c i s . t r a n s . (F ig u re  l-4c) s t r u c t u r e s  r e s p e c t iv e ly .  It w a s  a lso  
sh o w n  tha t  t h e  nm r s p e c t r u m  of the e thy l der iva tive  is c o n s is te n t  with a  single  d o m in an t  
s p e c ie s ,  th e  c i s . c i s . t r a n s  iso m er .  R e c e n t  s in g le -c ry s ta l  x-ray d a t a 6  d e m o n s t r a t e  the  
e x is te n c e  of b o lh  iso m ers  for n=m =3 a n d  R= Me in th e  solid s ta te .
iia) T h e  m a c ro c y c l ic  e f f e c t 7  w a s  first o b s e r v e d  with t e t r a a 2 a m a c r o c y c l e s  t h a t  bind 
equatoria lly .  T h e  m ac ro cy c l ic  effect is ap p ro x im a te ly  te n  t im es  la r g e r  th an  th e  c h e la te  
e ffec t  w h en  t h e  ligand e n c i r c le s  th e  m e ta l .  T h e  s o u r c e  of the  c o m p le x  stability a n d  the
5
un u su a l ly  la rg e  l igand field in s u c h  c a s e s  is th o u g h t  to b e  th e  m eta l  e n c a p s u la t io n  with 
t h e  l ig a n d  fo rc ing  lo n e  p a i r s  to w a rd  th e  m e ta l .  No s u c h  e f fe c t  is e x p e c t e d  for 
fac ia l -b in d in g  t r id e n ta te  l ig an d s .
T h e  l igand  c h a ra c te r is t ic  m o s t  o f ten  u s e d  to  p red ic t  o p tim a l m ac ro cy c l ic  effect is ho le  
o r  cavity s iz e .  T h e  m a tc h  of the  rad iu s  of a n  ion to  ligand cav ity  s e e m s  to  m odel bon d in g  
t r e n d s  effectively . Cavity s iz e  m ay  b e  d e te r m in e d  by tw o  b a s ic  m e th o d s .  T h e  first is 
b a s e d  o n  c ry s ta l  s t ru c tu re  a n a ly s i s  of th e  p a r e n t  l igand o r  c o m p le x e s .  An in h e re n t  
d a n g e r  of th is  m e th o d  a r i s e s  from th e  fac t th a t  e a c h  co n fo rm a tio n  of a  l igand  o f fe rs  a  
d ifferen t cav ity  s iz e  w h ich  is fu r the r  in f luenced  by an  e n c a p s u l a t e d  ion. Additionally, 
f re e  l igand  c o n fo rm a t io n s  o f ten  a r e  ve ry  d iffe ren t  from th a t  a d o p te d  in th e  c o m p le x .  
T h e re fo re ,  th is  m e th o d  is m o s t  a p p ro p r ia te  in c a s e s  of h igh l igand  field w h e re  th e  ion 
s iz e  c a n  b e  a s s u m e d  to m a tc h  th a t  of th e  cav ity .  W hile  th is  is n o t  ve ry  u se fu l  for 
p red ic tion  of cavity  s iz e  for new  l igands ,  it is n o n e t h e l e s s  u sefu l  in p red ic t in g  b o n d in g  
with v a r io u s  m e ta l s  for w e l l - c h a ra c te r iz e d  l ig a n d s .
R ecen tly ,  m o lecu la r  m e c h a n ic s  c a lc u la t io n s  h a v e  b e e n  u s e d  to d e te r m in e  cavity s iz e .  
A lthough  c o n s i s t e n t  r e s u l t s  h a v e  b e e n  o b ta in e d ,  s t ru c tu ra l  d a t a  a r e  still u s e d  a s  th e  
s ta r t in g  p o in t  for t h e s e  c a lc u la t io n s .  A d d it iona lly ,  c o n t r o v e r s y  o v e r  th e  u s e  of  
e x p e r im e n ta l  fo rce  c o n s t a n t s  r e m a i n s . 8 ' 9  Overall,  th e  e ffec t  o f  th e  fo rce  c o n s ta n t  u s e d  
a n d  th e  a s s u m p t io n  th a t  th e re  is o n e  b e s t  c o n fo rm e r  for all cavity  s i z e s  d o e s  not s e e m  to 
h a v e  a f fe c ted  th e  g e n e ra l  u s e fu ln e s s  of this te ch n iq u e .
T h e  first t r i a z a -h e te ro c y c le  to b e  r e c o g n iz e d  a s  d e m o n s t r a t in g  th e  m a c ro cy c l ic  e ffec t  
w a s  [9 ] a n e N 3 . 1 0  In fac t ,  t h e  equilibrium  c o n s t a n t s  for fac ia l ly -b o u n d  l inear t r ia m in e s  
a n d  for [9 ] a n e N 3  with c o p p e r ,  nickel a n d  z in c  d ic a t io n s  ind ica te  a  l a r g e  m ac ro cy c l ic  
e f fe c t 1 1 o f  ap p ro x im a te ly  five o rd e r s  of m a g n i tu d e .  T h e  D q, o n e  ten th  of th e  o c ta h e d ra l  
s p l i t t in g  e n e r g y ,  fo r  N i([9 ] a n e N 3 ) 2 2  + h a s  b e e n  d e t e r m i n e d  b y  its e l e c t r o n i c  
s p e c t r u m 1 2  to  b e  11 4 0  c m - 1 . T h e  un u su a l ly  la rg e  l igand  field a n d  b in d in g  c o n s t a n t s  
for  [9 ] a n e N 3  c o m p le x e s  a n d  a n  e a r ly  re p o r t  sh o w in g  t h e  b o n d in g  ability [9 ] a n e N 3  > 
[ 1 0 ] a n e N 3  >  [1 1 ] a n e N 3 > [1 2 ] a n e N 3  w e r e  e x p l a i n e d 1 3  o n  th e  b a s i s  of  M-N b o n d  
c o m p r e s s i o n .  H o w e v e r ,  s t ru c tu ra l  d a t a  a n d  e m p ir ic a l  fo rc e - f ie ld  c a l c u l a t i o n s  of
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[9 ] a n e N 3  c o m p le x e s  ind ica te  th a t  th e  b o n d in g  o rd e r  a n d  ligand field a r e  b e s t  ex p la in e d  on 
th e  b a s i s  of op tim al cavity s iz e  ra th e r  th a n  th e  in c re a s e d  m eta l  n itrogen  c o m p re s s io n .
T h e s e  sm all  t r id en ta te  r ings  of l e s s  th a n  13 m e m b e r s  b ind  facially a n d  a p p e a r  flexible 
e n o u g h  to a c c o m m o d a te  a  r a n g e  of ion s iz e s .  T ra n s a n n u la r  h y d ro g e n -h y d ro g e n  repulsion 
a n d  u n fa v o ra b le  d ih ed ra l  a n g le s ,  h o w e v e r ,  d o  not a lw a y s  a llow  m axim al m e ta l-n i t ro g en  
in t e r a c t io n .  E m p ir ica l  fo rc e - f ie ld  c a l c u l a t i o n s  o n  M([9 ] a n e N 3 ) 2  2 +  in d ic a te  an  
op tim al M-N b o n d  length  of 2 .0 8  a n g s t r o m s . 1 4  M eta l-n itrogen  b o n d s  s h o r te r  th a n  2 .08  
a n g s t r o m s  will b e  s t r e t c h e d  d u e  to  v a n  d e r  W a a l s  r e p u l s io n  b e t w e e n  th e  two 
h e te ro c y c le s .  Metal- n i trogen  b o n d s  lo n g e r  th an  2 .0 8  a n g s t r o m s  will b e  s h o r t e n e d  d u e  
to  r e s i s t a n c e  of th e  N-M-N b o n d  a n g le  to c o m p re s s io n .  T h e  Ni 2+  rad ius  is nea r ly  ideal 
for th is  l igand ,  exp la in in g  th e  u n u su a l ly  la rg e  ligand-fie ld  s t r e n g th  a s  d u e  to  a  nearly  
s t r a in - f r e e  l ig a n d  c o n fo rm a t io n .
T h u s ,  the  m acrocyclic  e ffec t m ay  apply  to t h e s e  t r iden ta te  l igands  in the  c a s e  o f  m a tc h e d  
ionic radii a n d  cavity  s iz e .  A s  d ev ia t io n s  o c c u r  th is  e ffec t  is lost  with b inding c o n s ta n t s  
a p p ro a c h in g  t h o s e  of c h e l a t e d  l ig an d s .  A s in porphyrin  a n d  inc lusion  c o m p le x e s  th e  
l igand  field of tr id en ta te  he te rocyc lic  c o m p le x e s  is d o m in a te d  by  th e  c o n fo rm a tio n  of the  
l igand . H o w ev e r ,  unlike t h e  fo rm er  th e  la tte r  c o n t in u e s  to  b ind  in th e  s a m e  facial 
c o n f ig u ra t io n  with or  w ithou t p ro p e r  s iz e  m a tc h in g .  T h is  b e h a v io r  is u se fu l ,  allowing 
th e  m ap p in g  of orbital o v e r la p  v e r s u s  l igand field, a s  th e  m e ta l  is var ied .
In g e n e r a l ,  t r ia m in e  l ig a n d s  follow th e  Irving-W illiam s o r d e r 1 5  a n d  th e i r  b inding 
c o n s t a n t s  d e c r e a s e  a s  ring s ize  i n c r e a s e s .  F iv e -m e m b e re d  c h e l a t e  r ings  s e e m  to be  
o p t im a l  for f irs t- row  t r a n s i t io n  m e ta l s ;  a n  i n c r e a s e  in o p t im a l  m e ta l - l ig a n d  b o n d  
l e n g th  is s e e n  with th e  i n c r e a s e  in t h e  n u m b e r  o f  s i x - m e m b e r e d  c h e l a t e  r ings  
i n t r o d u c e d . 1 6
iib) S tu d ie s  o f  t ran s i t io n  m e ta l  t r i a z a -h e te ro c y c l ic  c o m p l e x e s  a r e  d o m in a t e d  by 
r e p o r t s  u t i l iz in g  [9 ] a n e N 3 , t r i - N - m e t h y l - [ 9 ] a n e N 3  a n d  t r i b e n z o [ b , f , j ] [ 1 ,5 ,9]  
t r i a z a c y c lo d u o d e c in e  (tri). F igure  I-5. T h e  tri c o m p le x  of Ni 2+ w a s  first r e p o r te d  by
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M elso n  a n d  B u s c h . 1 7  F or  c o m p a r iso n  p u r p o s e s ,  only  t h e  [9 ]a n e N 3 - b a s e d  c o m p le x e s  
w ithou t imino, C=N, d o u b le  b o n d s  will b e  c o n s id e re d .
F ig u re  I-5
N =
U nlike  la rge r  m a c ro c y c le s ,  t r iaza  h e te r o c y c le s  do  n o t  u sua lly  b r id g e  tw o m eta l ions .  
W ith s m a l l  u n s u b s t i t u t e d  h e t e r o c y c l e s  tw o  l ig a n d s  m a y  b ind  to o n e  m e ta l  a s  in 
N i([9 ] a n e N 3 ) 2  2+  b u t  th i s  s to ich iom etry  is no t  th e  ru le .  G enera l ly ,  sm a ll  ionic rad iu s  
c h a n g e s ,  a n  in c re a s e  in ring s ize  o r  t h e  addition  of ring s u b s t i tu e n ts  m a y  re d u c e  th e  
c o o rd in a t io n  n u m b e r .
I l lu s tra t iv e  e x a m p l e s  of  th is  a r e  t h e  inability to  i s o l a t e  C o ([ 1 2 ] a n e N 3 ) 2 3 +  a n d  
M ( M e 3 [ 9 ] a n e N 3 ) 2 n + . T h e  f i rs t  c a s e  is p r e s u m a b l y  d u e  to  in te r - l ig a n d  
h y d r o g e n - h y d r o g e n  r e p u l s io n  a n d  th e  re su l t in g  long  m e ta l -n i t ro g e n  b o n d s 1 8  ( s e e  
F igu re  l-6 a). In th e  s e c o n d  c a s e ,  for a n y  transition m e ta l  M, th e  m ethyl g ro u p s  of o n e  
lig an d  w o u ld  b e  s te r ica l ly  c o m p r e s s e d  with th o s e  o f  t h e  s e c o n d  h e t e r o c y c l e 1 9  ( s e e  
F ig u r e  l - 6 b).
T h is  in te r - l ig a n d  s t e r i c  c o m p r e s s i o n  is no t  l im ited  to  h e t e r o c y c l e - h e t e r o c y c l e  
in te r a c t io n s  a n d  c a n  b e  o b s e r v e d  a s  r e d u c e d  m e ta l  co o rd in a t io n  n u m b e r .  Ring s i z e s  
g r e a t e r  th a n  or e q u a l  to  tw elve  m a y  a l s o  s h o w  this e f fe c t 2 0  (F igure l-6 c). Similarly, 
l ig a n d s  with methyl s u b s t i tu e n t s  on  th e  b a c k b o n e  c a n  a l s o  limit l igand  a c c e ss ib i l i ty 2 1  
( F ig u r e  l-6 d).
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T h e re fo re ,  [1 2 ] a n e N 3  a n d  its d e r iv a t iv e s  t e n d  to  form c o m p le x e s  with m e ta l s  in a
va r ie ty  of ox ida tion  s t a t e s  hav ing  o n e  m etal p e r  ligand. T h e  m o s t  c o m m o n  c h a ra c te r is t ic  
o f  th e  resu lting  c o m p le x e s  is th e  te n d e n c y  of th e  m ore  highly ox id ized  m e ta l s  to  form 
b r id g e d  di- o r  poly- metallic  s p e c i e s  with br idg ing  ancillary  l ig a n d s .  Unlike [9 ] a n e N 3 ,
M e 3 [9 ] a n e N 3  will no t form b in u c le a r  c o m p l e x e s  with o n e  s h a r e d  o c t a h e d r a l  e d g e .  
B in u c lea r  o c ta h e d r a l  c o m p le x e s  o f  th is  type  with a  s h a r e d  fa c e  or  v e r tex ,  h o w e v e r ,  a re  
o b se rv e d .  This  is b e c a u s e  e d g e  sh a r in g  requ ires  a  methyl g ro u p  to o c cu p y  th e  s a m e  s p a c e  
a s  th e  o th e r  l ig a n d  (F igure l-7b).
Figure  1-7
2> G
M ost r e p o r t s  of t r ia z a h e te ro c y c l ic  c o o rd in a t io n  c h e m is t ry  d e a l  with m idd le  a n d  late 
trans i t ion  m e ta l s .  Only o n e  titanium c o m p le x 2 2  a n d  a  few  v a n a d iu m  c o m p le x e s  h ave  
b e e n  re p o r te d .  In c o n t r a s t ,  g ro u p  VI (Cr.M o, W), g r o u p  VIII (F e .C o .N i) ,  c o p p e r ,  a n d  
z in c  c o m p le x e s  h a v e  b e e n  e x te n s iv e ly  r e p o r te d .  F o r  a  g e n e r a l  s u m m a r y  o f  t r iaza  
h e te ro cy c l ic  c o m p le x e s  s e e  t h e  review  by  B h u la 2 2  a n d  for an  o v e rv ie w  of [9 ] a n e N 3  and  
M e[9 ] a n e N 3  c o m p le x e s  s e e  th a t  by C h a u d h u r i  a n d  W i e g h a r d t 2 4
In addition to  th e  [9 ]a n e N 3  a n d  Me3 [9 ] a n e N 3  c o m p le x e s  of ch ro m iu m , m o ly b d e n u m  and  
t u n g s t e n ,  t h e  c h r o m iu m  a n d  m o ly b d e n u m  [1 2 ] a n e N 3  c o m p l e x e s  h a v e  a l s o  b e e n  
s y n t h e s i z e d 2 5 -2 6 . T h e  [X]aneN 3 M (C O ) 3  so l ids  a r e  a ir  s ta b le  for w e e k s  a n d  a r e  so lub le  
in p o la r  o rg a n ic  s o lv e n ts  s u c h  a s  DM SO. S o m e  of t h e s e  a r e  a l s o  so lu b le  in l e s s  po lar  
s o lv e n ts  like m e th y le n e  ch lo r ide .  In so lu tion , th e  ox ida tion  of t h e s e  z e ro -v a le n t  s p e c i e s  
is facile  a n d  c a n  b e  a c c o m p lish e d  using  o x y g en ,  h a lo g e n s ,  nitric ac id  a n d  ev en  hydron ium  
io n s  { R e a c t io n s  1-1+ I-2 ).
1 0
Reaction 1-1
LM (CO )3 + X2 ......... > LM(ll)(CO)3X + +. X-
Reaction I-2
LM(CO )3 + H+ -...... > LM(ll)(CO)3 H+
P ro d u c t s  of partia l  ox idation  of  t h e s e  c o m p le x e s  o f ten  a r e  s e v e n - c o o r d in a t e  with th e  
a d d i t io n  of a n  a n io n ic  l ig a n d  while  s o m e  s ix - c o o r d in a te  c o m p l e x e s  with c a rb o n y l  
d i s p l a c e m e n t  a r e  o b s e r v e d .  U po n  fu r th e r  o x id a t io n ,  th e  c a r b o n y l s  a r e  all e a s i ly  
d i s p l a c e d  y ie ld ing  s p e c i e s  th a t  favo r  b r id g e d  s t r u c tu r e s .  A z id e ,  c a r b o x y la te ,  ha lide ,  
h y d ro x id e  a n d  o x id e  b r id g e s  a r e  c o m m o n .  Direct s y n th e s i s  of t h e  o x id ized  ch ro m iu m  
c o m p le x e s  in D M S O  is c o n v e n ie n t  b u t  th e  re la tive  subs t i tu t io n a l  in e r tn e s s  of  t h e s e  tri- 
a n d  te t ra -  v a le n t  m e ta ls  re q u ire s  e x t re m e  cond it ions .  O n e  a p p r o a c h  u s e d  to  r e d u c e  this 
b a r r ie r  is the  add it ion  of a  ca ta ly t ic  a m o u n t  of Cr(ll). At the  p r e s e n t ,  few  of t h e  ox idized 
tu n g s te n  a n a lo g s  of the  chrom ium  a n d  m olybdenum  c o m p le x e s  h a v e  b e e n  inves t iga teo .
T h e  [9 ] a n e N 3  c o m p le x e s  u sua lly  s h o w  e ithe r  X . X . X  or ft.ft.fi c o n fo rm a t io n  a n d  b ind  
c i s . c i s . c i s  in all rep o r ted  s t ru c tu re s ,  c is / t ra n s  b e in g  de f in ed  by ring fusion. T h e  m eta l 
is c o n s id e r e d  a s  pa r t  of th e  fu s e d  ring s y s te m .  T h is  resu lt  is n o t  su rp r is in g  b e c a u s e  
m o d e l s  s u g g e s t  only  o n e  r e a s o n a b l e  c h e la t in g  c o n f ig u ra t io n .  S t r u c tu r e s  of  p a r e n t  
[1 2 ] a n e N 3 M { C O ) 3  c o m p le x e s  h a d  no t b e e n  r e p o r te d  b e fo re  o u r  work, bu t  d e r iv a t iv e s  
s h o w  c i s . c i s . c i s  a n d  c i s . c i s .t r a n s  c o n f i g u r a t i o n s . 2 6 - 2 6  T h e  h igh  stab ili ty  of t h e s e  
facially  t r id e n ta te  l igands  l e a d s  to th e  possib ility  o f  iso lab le  o c t a h e d r a l  s t e r e o i s o m e r s  
th ro u g h  the  add it ion  of th ree  d ifferent l igands  or th e  addition of a n  a s y m m e tr ic  o n e .
M o s t  s tu d ie s  of nickel c o m p le x e s  a r e  c o n c e r n e d  with the  c o m p a r i s o n  of n ickel with 
th e i r  c o p p e r  a n d  z in c  c o n g e n e r s . 1 1 . 12 , 1 3  p a l la d iu m  a n d  p la t in u m  a r e  suffic iently  
d if fe ren t  from n icke l  th a t  th e y  will b e  c o n s id e r e d  s e p a ra te ly .
In t h e  2+ o x id a t io n  s t a t e  p la t in u m  a n d  p a l la d iu m  s t ro n g ly  fa v o r  s q u a r e - p l a n a r
1 1
g e o m e t r i e s .  S t ru c tu ra l  r e a r r a n g e m e n t  of s u c h  p la t in u m  c o m p l e x e s  is n o tab ly  s low , 
w h ile  s u c h  r e a r r a n g e m e n t s  a r e  facile  for p a l lad iu m . P d ( [ 9 ] a n e N 3 )2 2 + , for e x a m p le ,  
is know n  to  b e  fluxional in so lu t io n 2 7 . T h e  p r o p o s e d  m e c h a n i s m  re q u i re s  do n a t io n  of th e  
f r e e  n itrogen  lo n e  p a irs  to t h e  m eta l  d z 2  orbita l ( S c h e m e  1-1).
S c h e m e  1-1
T h e  solid s t a t e  s t ru c tu re  o f  th is  c o m p le x 2 7  s h o w e d  th a t  th e  n i t ro g en  lone  p a i r s  a r e  
d i re c te d  aw ay  from  the  d z 2 orbita l a n d  th e  r ings  a r e  b o u n d  t r a n s  to e a c h  o the r .  Although
1 2
th i s  i s o l a t e d  s t r u c t u r e  im p l i e s  s o m e  d z 2 - n i t r o g e n  l o n e  p a i r  r e p u l s i o n ,  a 
p e n ta -c o o rd in a te  transition  s ta te  m a y  b e  a s s u m e d .  T h e  m o n o p ro to n a te d  c o m p le x  h a s  its 
r in g s  c is  to e a c h  o th e r  with th e  p ro ton  b r idg ing  equ a l ly  b o th  n i t ro g en  lo n e  p a i r s . 2 8  
S u c h  c lo s e  proxim ity  of th e  n i t ro g e n s  to th e  m e ta l  a n d  th e  re s u l t in g  s ta b i l iz a t io n  of 
h ig h e r  ox ida tion  s t a t e s  with tr igona lly -d is to r ted  o c ta h e d ra l  s y m m e t ry  h a s  b e e n  c red i ted  
w ith  th e  o b s e r v e d  r e d u c t io n  in o v e r p o te n t i a l  r e q u i r e d  to  fo rm  th e  3 +  a n d  4+ 
c o m p l e x e s . 2 9  In a  s im ila r  f a s h io n  Pt([9 ] a n e N 3 ) 2  2+  is r e a d i ly  o x id iz e d  to  th e  
d is to r te d  o c ta h e d ra l  4+  c o m p le x  by air 3 9
T h e  triad of nickel, c o p p e r  a n d  z in c  offers  th re e  c o m m o n  ions of 2 +  oxidation s t a t e  with 
i n c r e a s in g  e f fe c t iv e  n u c l e a r  c h a r g e  a n d  d e c r e a s i n g  ionic rad ii .  In a d d i t io n ,  the  
coeff ic ien t  of fit, th e  ratio of r a d iu s  to ho le  s iz e ,  for e a c h  is n e a r ly  o n e  ( 1 .0 1 ,1 .0 0 , 
0 .9 9 5  r e sp e c t iv e ly )  for b in d in g  to th e  s im p le s t  t r i a z a  h e t e r o c y c l e  <[9 ] a n e N 3 ). This
g ro u p  allow s th e  s tu d y  of ion rad iu s  v e r s u s  ho le  s iz e ,  the  effect of e lec tron  p o p u la t io n  on 
su b s t i tu t io n  k in e t ic s  a s  well a s  th e  u n iq u e  oppo r tu n i ty  to i n v e s t ig a te  nearly  s t ra in - f re e  
c o m p le x e s .
T h e  m a t te r  of ho le  s iz e  a s  it a p p l ie s  to facial t r id e n ta te  l ig a n d s  h a s  b e e n  w o rk e d  out 
p rev io u s ly  u s ing  m ode l nickel c o m p le x e s .  N u m e r o u s  p o te n t io m e tr ic  s tu d ie s  of  th e s e  
c o m p l e x e s 1 1 -3 1 -3 5  h av e  s h o w n  th a t  nickel a n d  z in c  effectively b in d  all th r e e  n i t ro g e n s  
in a  fac ia l  m a n n e r  bu t c o p p e r  b in d s  m o re  effec tively  equa to r ia l ly  t h a n  axially d u e  to a 
J a h n - T e l l e r  e f fe c t .  S u c h  a n  ax ia l  d is to r t io n  in c o p p e r  c o m p l e x e s  p r o v i d e s  an  
e x p l a n a t i o n 3 3  of th e  re la tively  fa s t  a c id - in d e p e n d e n t  d i s s o c ia t io n  k ine tics  of  c o p p e r  
c o m p le x e s  ( S c h e m e  I-2 ).
C o n c o m ita n t  in c r e a s e  in ring s i z e 2 9  a n d  a s y m m e t r i c  m e th y la t io n  a t  c a r b o n 2 1  >3 8  of 
th e  h e te ro c y c le  h a v e  b e e n  u s e d  to  affect th e  n ickel coo rd in a t io n  n u m b e r .  T h e  nickel 
s t r u c t u r e 3 8 , F ig u re  I-8 , is of in te r e s t  b e c a u s e  it is a n a l o g o u s  to  c a t a ly s t s  hav ing  







M + H3L3 +
F ig u re  1-8
N-  s
1 4
iic) T r i a z a - h e t e r o c y c l i c  c o m p l e x e s  of f i r s t - ro w  t r a n s i t io n  m e t a l s  h a v e  b e e n  
sy n th e s iz e d  us ing  a  r a n g e  of co n d i t io n s  to in f luence  th e  n a tu re  of th e  c o m p le x e s  fo rm ed . 
T h e  e f fec ts  of a  s e t  of reaction  cond it ions  often  d o  no t t ran s fe r  from o n e  m e ta l  to  an o the r .  
T h e  g ro u p s  a b o v e  s e e m  to follow s o m e  g e n e r a l  t r e n d s  bu t a s  in all ty p e s  of sy n th e t ic  
c h e m is t ry ,  th e  s y n t h e s i s  of a  s p e c i f ic  c o m p le x  o f te n  r e q u i re s  o p t im iza t io n  of v a r io u s  
re a c t io n  co n d i t io n s .
T h e  o p t io n s  g e n e ra l ly  e x e rc i s e d  a r e  th e  ch o ice  o f  so lven t  s y s te m ,  c o u n te r io n ,  oxidation 
s t a t e  a n d  su p p o r t in g  ligands . T h e  th r e e  m o s t  c o m m o n  so lv e n ts  u s e d  a r e  w a te r ,  e th an o l  
a n d  D M S O . D M S O  a n d  e th a n o l  o r  m ixed  s o lv e n t s  a r e  u su a l ly  u s e d  to  limit ionic 
d i s s o c ia t io n  a n d  r e m o v e  w a te r  from  th e  m e ta l  co o rd in a t io n  s p h e r e .  T h e  c h o ic e  of 
c o u n te r io n  is no t co m p le te ly  i n d e p e n d e n t  of t h e  su p p o r t in g  ligand . E x a m p le s  of using  
h a l id e s  v e r s u s  P F g '  a n d  CI0 4 " a n d  controlling ion d isso c ia t io n  with so lv e n t  to g e n e r a t e  
d i f f e re n t  t y p e s  of c o m p l e x e s  h a v e  b e e n  r e p o r t e d 3 7 . E x a m p le s  f rom  th is  re p o r t  
( R e a c t io n s  1-3,4,5) g iv e n  b e lo w  in d ica te  th e  c o n d i t io n s  a n d  p r o d u c t s  fo rm e d  by s u c h  
c o n t r o l .
R e a c t io n  1-3
1/2 volume 
2) bis-[9]aneN3e th a n e
MnCI24H20
Reaction 1-4
Fe(ClQt)3 --------► Re ) Br3
1) A, EtOH z T M  \
2) bis-[9]anel^ over 6 Hr ^  V -y H '
3) NaBr/h^O lo ppt.
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R e a c t io n  1-5
FeCI3 6H20
1) DMSO reduced to 
1/2 volume
2) bis-[9]aneN3/D M SO
T h e  e f fe c t  o f  t h e  s u p p o r t in g  l ig a n d s  c a n  e a s i ly  b e  s e e n  in th e  s y n t h e s i s  of 
b i s ( [ 9 ] a n e N 3 ) e t h a n e  c o m p l e x e s  of c o b a l t  (III). [C o (N H 3 ) 5 ( O H 2 ) ] ( C I 0 4 ) 3  a n d  
N a [ C o ( N 0 2 )6 l in a q u e o u s  so lu tions  of  th is  ligand h a v e  b e e n  u s e d  to  m a k e  th e  1:1 (Co:L) 
a n d  2 : 1  c o m p le x e s  re sp e c t iv e ly  (R e a c t io n s  I- 6  a n d  I-7). T h r e e  o f  th e  N O 2 '  r e m a in
s tro n g ly  b o u n d  to  e a c h  o f  th e  c o b a l t  c e n t e r s  p re v e n t in g  t h e  n e u t ra l  c y c lo a m in e  from 
e n v e lo p in g  any s in g le  m eta l  c e n t e r 3 7 .
R e a c t io n  I- 6




Na3[Co(NOj)6] do(N 02)3 Co(N 02)3
T h e  c h o ic e  of m e ta l  oxidation s t a t e  is often o n e  o f  c o n v e n ie n c e .  If the  lab i le  cobalt(ll) 
is u s e d  a s  a  s ta r t ing  m ateria l a n d  th e  solution a e r a t e d ,  th e  c o m p le x  will b e  se lec tive ly  
ox id ized  a s  it is fo rm e d .  The new ly-fo rm ed  c o m p l e x  is unlikely to  d e g r a d e  u n d e r  t h e s e  
c o n d i t io n s  b e c a u s e  cobalt( l l l)  is s tab il ized  by t h e  am ine  a n d  is su b s t i tu t io n a l ly  inert. 
T he  u s e  of ch ro m iu m (l l )  to c a t a l y z e  ch ro m iu m (l l l )  su b s t i tu t io n  r e a c t io n s  is  a n o th e r  
effective u s e  of the  d iffe rence  in ox ida tion  s ta te s ,  a n d  h a s  a lread y  b e e n  m e n tio n e d .
T h e  s y n th e s i s  o f  t r ia z a -h e te ro c y c l ic  c o m p le x e s  c a n  be c o m p l ic a te d  by a n c i l la ry  l igand 
b r idg ing ,  m eta l  r e d o x ,  ligand instability , a n d  t h e  form ation  o f  s t ru c tu ra l  i s o m e r s  a s  
well a s  p roduc t  m ix tu re s  c o n ta in in g  various s to ic h io m e tr ie s .
G ro u p  VI m eta ls  in high oxidation  s t a t e s  a re  su b s t i tu t io n  inert u n d e r  n o rm al cond it ions .  
To e n h a n c e  r e a c t io n  ra te s ,  P e d e r s e n 3 8  d e v i s e d  a  p r e p a r a t io n  tha t first g e n e r a t e d  
a n h y d r o u s  M { D M S O ) e n+ at h ig h  t e m p e r a t u r e  w h e re b y  l i g a n d s  m a y  b e  read ily  
su b s t i tu te d  for D M S O  a t  lower t e m p e r a tu r e s  ( R e a c t io n  1-8). T o  p r e p a r e  t h e  a n h y d r o u s  
M (D M S O )6 n+ a  sa lt  is d isso lved  in dry  DMSO a n d  t h e  solvent v o lu m e  r e d u c e d  by  o n e  half
to r e m o v e  w a te rs  of hydra tion  azeo trop ica lly .  T h e  addition of o n e  or two e q u iv a le n ts  of 
ligand a t  120°C th e n  usually  y ie ld s  th e  d e s ire d  p ro d u c t  (R e a c t io n  I-9). (T h e  p a p e r  by  
W i e g h a r d t 3 7  c o n t a i n s  e x p e r i m e n t a l  d e t a i l s  o f  t h e  s y n t h e s i s  o f  C r  
1 ,2 - B i s [ 9 ] a n e N 3 e t h a n e  CI3 .)
R e a c t io n  I- 8
MXn mH20  + DMSO > M(DMSO)6 n+ + nX'
A, reduced to 1/2 vofume
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R eaction 1-9
M(DMSO)gn++ mL > MLm(DMSO)6_3mn+ + 3m DMSO
120 °C
O n e  a l te rn a t iv e  to  t h e s e  co n d i t io n s  is th e  u s e  of t h e  m ore  lab ile  M(ll) to  c a ta ly z e  th e  
reac t io n ,  C h a u d h u r i 2 4  s y n th e s i z e d  M e[9 ] a n e N 3 C rC l3  from CrCl3 .6 H2 0  in m e th a n o l  by 
a d d in g  a  c a ta ly t ic  a m o u n t  of  z inc  to  r e d u c e  Cr(lll) to  Cr(ll).
A n o th e r  s y n th e s i s  of t h e s e  ox id ized  c o m p le x e s  is b y  oxidation  of th e  read ily  ava ilab le  
z e ro -v a le n t  a n a l o g s 2 4 . T h e  sy n th e s i s  o f  s u c h  p r e c u r s o r s  c a n  b e  a c c o m p l is h e d  by using 
o n e  of tw o b a s i c  t e c h n i q u e s .  F irst is t h e  d i re c t  su b s t i tu t io n  of a  l ig a n d  for th r e e  
c a r b o n y l s  in M (C O )g a t  e le v a te d  te m p e r a tu r e s .  T h is  te c h n iq u e  h a s  b e e n  u s e d  u n d e r
in e r t  a t m o s p h e r e  in d e c a l in 2 5 ' 2 9 , in 1 : 1  b e n z e n e  a n d  g lac ia l  a c e t ic  a c id 3 9  a n d  in 
D M F 3 7 . All t h r e e  s o lv e n t  s y s t e m s  p ro v id e d  high y ie ld s .  T h e  re ac t io n  in deca l in  a t  
1 5 0 ° C  is t h e  f a s t e s t  bu t  n o t  all l ig a n d s  a r e  s t a b le  a t  th is  high t e m p e r a tu r e .  Refluxing 
b e n z e n e  /a c e t ic  ac id  solution p ro v id es  m ilder co n d i t io n s  th ough  t h e s e  r e a c t io n s  a re  m uch  
s lo w e r .  T h e  a d v a n ta g e  of t h e  DMF re a c t io n  is th a t  t h e  p ro d u c t  s h o w s  s o m e  solubility 
a llow ing linked t r ia z a -h e te ro c y c le s  to r e a c t  a t  b o th  s i t e s  w ithout p rec ip i ta t ing  ou t a f te r  
a  s ing le  com p lex a t io n .
A s e c o n d  m e th o d  is th e  substi tu t ion  of w eak ly -coord inating  m u lt id en ta te  l ig a n d s  s u c h  a s  
c y c lo h e p ta t r ie n e  (CHT) u n d e r  mild cond it ions .  T h e  d i s a d v a n ta g e  is th e  add it iona l  s te p  of 
p r e p a r in g  th e  p r e c u r s o r  from  th e  m e ta l  h e x a c a r b o n y l 4 0 -4 1  >4 2  a n d  th e  re la tive ly  low 
y ie ld s  of t h e s e  s t e p s .
Typically t h e  s y n th e s i s  of p la t inum  a n d  p a l lad iu m  tr ia z a -h e te ro c y c l ic  c o m p le x e s  is 
d o n e  in a q u e o u s  solution. In an  a t te m p t  to  iso la te  a n  a ir - se n s i t iv e  p ro d u c t ,  H u n te r2 7  
h a s  rep o r ted  a  m ixed -so lven t  s y s te m  of D M S O /e th an o l .  R eac t io n  control of th e  p ro d u c ts  
fo rm e d  is a c c o m p l i s h e d  by th e  a d ju s tm e n t  of te m p e r a tu r e ,  p r e s e n c e  of o x y g e n ,  pH a n d  
s to ic h io m e try .  T h e  b is - s u b s t i tu te d  c o m p l e x e s  in t h e  2 + o x id a t io n  s t a t e  a r e  read ily
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o x id ized  by air. T h is  u n u s u a l  e a s e  of ox ida tion  is e x p la in e d  by th e  availability of axial 
d o n o r s  in th e  s q u a r e  p la n a r  c o m p le x e s  t h a t  s tab i l ize  t h e  o c ta h e d r a l  platinum(IV) a n d  
p a l la d iu m  (III) a n d  (IV). T h e  o n e - t o - o n e  p la t in u m  c o m p le x  is n o t  a ir  s e n s i t i v e ,  
p r e s u m a b ly  d u e  to  th e  r e d u c e d  o c ta h e d ra l  s tab iliza tion . T h e  s p e c i e s  p r o d u c e d  a n d  th e  
c o n d i t io n s  u s e d  by  W ie g h a rd t 8 9  for th e  s y n th e s i s  of p la t in u m  c o m p le x e s  a r e  s h o w n  in 
S c h e m e  1-3.
T h e  palladium (ll)  c o m p le x  readily  ox id ize s  to  th e  3+ ox ida tion  s t a t e  a n d  th e n  is slowly 
fur ther  o x id ized  to  4+ . S y n th e s i s  of Pd([9 ] a n e N 3 )2 X 2  h a s  b e e n  d o n e  in d e o x y g e n a te d
w a te r 2 8  a n d  in D M S O /e th an o l  u n d e r  a r g o n 2 7 . High yie lds  of  Pd([9 ] a n e N 3 )2 X3  c a n  a lso  
b e  p r o d u c e d  e l e c t r o c h e m i c a l l y 2 7  bu t  t h e  q u a n t i t i e s  a v a i la b le  a r e  limited. L a rg e r  
a m o u n t s  of  P d ([9 ] a n e N 3 )2 X 3  c a n  b e  e a s i ly  p r e p a r e d  in a ir  a t  5 0 ° C ,p H = 9 ,  but y ie ld s  
a re  low d u e  to p recip ita tion  of up  to  4 5 %  of th e  palladium (ll)  a s  th e  m e ta l2 9 .
Nickel, c o p p e r  a n d  z inc  form sim ilar  c o m p le x e s  u n d e r  th e  s a m e  r e a c t io n  co n d i t io n s .  
O n e - to - o n e  c o m p le x e s  a r e  u su a l ly  p r e p a r e d  in w a te r  a n d  h a v e  b e e n  iso la te d  with a n d  
w ithou t bridg ing  anc illa ry  l ig a n d s 4 8 ’8 9 . T h e s e  re a c t io n s  a r e  usually  c a r r ie d  out u n d e r  
slightly ac id ic  c o n d i t io n s  with p ro d u c t  iso la t ion  by ra is ing  th e  pH o r  a d d in g  bridg ing  
ligands . T h e  bis c o m p le x e s  h a v e  b e e n  p r e p a r e d 1 1 by a d d in g  th e  ligand to  th e  ap p rop r ia te  
m e ta l  p e rc h lo ra te  in refluxing e th an o l .  This  te c h n iq u e  h a s  a l s o  b e e n  u s e d  to  p re p a re  th e  
b is ( [ 9 ] a n e N 3 ) e t h a n e  a n a l o g s 8 7 . W h e n  a n h y d r o u s  c o n d i t io n s  a re  r e q u i re d ,  a n h y d r o u s  
s a l t s  c a n  b e  directly p r e p a r e d  from th e  m e ta l  a n d  b ro m in e  in DME4 4  o r  from the  m e ta l  
ox ide  a n d  an  ac id  an h y d r id e4 8 . Nickel a n d  c o p p e r  c o m p le x e s  h a v e  a lso  b e e n  p re p a re d  by  
te m p la te  r e a c t io n s  fo rm ing  s u b s t i tu te d  cyc lic  t r i a m in e s 1 7 >8 8 >4 8 *4 7 .
S c h e m e  1-3
Br„  0  pH =7 ~  r. pH=5
[PtCl4]2' [H2L] [PtCl4]
9 0  °C . NaBr
pH =10  
80  °C  
NaBr
2L. pH =8  
9 0  °C, NaBr pH=7 X  







2L, pH =7, 80  °C
L is [9 ] a n e N 3
Chapter 1:
S y n t h e s i s  and Characterization of Transit ion Metal C o m p le x e s  of  
M 2 1 a n e N 3  and tri-N-methv I F12laneN? .
T h e  s y n t h e s e s  of th e  m o ly b d en u m  a n d  chrom ium  tr icarbonyl c o m p le x e s  of [1 2 ] a n e N 3  
h a v e  p rev iously  b e e n  re p o r te d  by  W ie g h a rd t  e t a l . 2 5 ’2 6  T h e  reactivity of t h e s e  w e re  
a l s o  e x p lo re d .  T h e  c o m p le x e s  w e r e  p r e p a r e d  by  th e  d i r e c t  r e a c t io n  of m e ta l  
h e x a c a rb o n y l  a n d  l ig an d  at 150°C  in d eca l in .  P rior  to th e  w ork  r e p o r te d  h e r e ,  the  
c o o rd in a t io n  c h e m is t r y  of t r i -N -m ethy l[1 2 ] a n e N 3  w a s  u n e x p lo re d .
In theory , sy m m e tr ic  m onocyclic  t r ia m in e s  m ay b ind  to m e ta l s  a s  a  t r iden ta te  l igand  to 
form  four d iffe ren t  o n e - to - o n e  c o m p l e x e s  (F ig u re  1 -1). In p ra c t ic e  th e  c o m p l e x e s  
with t r a n s .t r a n s .t r a n s  o r  c i s .t r a n s .t r a n s  ring fu s io n s  a r e  no t a l lo w ed  for m e d iu m -s iz e  
r in g s  d u e  to s t e r i c  c o m p r e s s io n .  F o r  u n s u b s t i tu te d  1 2 - m e m b e r e d  cyclic t r i a m in e s ,  
b o th  th e  c i s .c i s .t r a n s  a n d  th e  c i s .c i s .c i s  i s o m e r s  a r e  o b s e r v e d .  F or  t r i d e n ta t e  
N -su b s t i tu te d  cyclic  t r iam ine  c o m p le x e s ,  only sis. ring fu s io n s  a r e  o b s e r v e d  for fu s io n s  
w h ich  inc lude  th e  s u b s t i tu te d  n i t ro g e n .  T h e re fo re ,  N -su b s t i tu t io n  not only  limits  the  
br idg ing  i s o m e rs  a l lo w e d 2 4  but a l s o  limits th e  con fig u ra t io n a l  i so m e rs .
T h e  relative s tab ili ty  of s ^ I I  a n d  a n t i  LMo(0 ) (p - 0 )2 M o(0 )L 2+  (F igu re  1 -2 )  h a v e  
b e e n  re p o r te d  for [9 ] a n e N 3 ® 2  a n d  [1 2 ] a n e N 3 . 2 6  F or  th e  [9 ] a n e N 3  c o m p lex  th e  an t i  
i so m e r  is u n s ta b le  to  isom eriza tion  u n d e r  acidic o r  b a s ic  co n d it ions .  For th e  [1 2 ] a n e N 3  
c o m p le x  the  t r a n s  i s o m e r  is u n s ta b le  to isom eriza t ion  u n d e r  b a s ic  co n d i t io n s  b u t  not 
u n d e r  ac id  co n d it ions .  T h e  s truc tu ra l  d if fe re n c es  b e tw e e n  th e  two an ti  c o m p le x e s  is of 
s p e c ia l  in te res t .  T h e  c o re  of th e  m o le c u le s  a r e  t h e  s a m e  within e x p e r im e n ta l  error, 
h o w e v e r ,  little a t te n t io n  w a s  p la c e d  o n  th e  l igand  ring fu s io n s  by  th e  e x p e r im e n te r s .  
E x am in a t io n  of t h e s e  s t ru c tu re s  r e v e a l  tha t  th e  [9 ] a n e N 3  c o m p le x  h a s  c i s .c i s .c i s  ring
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fu s io n s  a n d  in d e e d  th e  sm all  ring s iz e  r e q u i r e s  th a t  co n f ig u ra t io n .  T h e  m o re  s ta b le  
[1 2 ] a n e N 3  c o m p le x  h a s  c i s .c i s .t r a n s  ring fu s io n s  a r r a n g e d  s u c h  th a t  th e  t r a n s  fu s e d  
N-H is d ire c te d  a w a y  from th e  M o '= 0  (F igure  1-3). T h e  e le c t ro n ic  s p e c t ru m  of the  s v n  
c o m p le x  fo rm e d  from  this  s t ru c tu re  is in d is t in g u ish a b le  from th a t  of th e  s v n  c o m p le x  
fo rm e d  in th e  initial ox ida tion  h o w e v e r  th e  ring c o n f ig u ra t io n s  m a y  b e  d iffe ren t  with 
little o r  no  e f fec t  o n  th e  e le c t ro n ic  s p e c t ru m .
F ig u re  1-1
A h  P
M
M
trans .trans.trans cis.trans. trans
w *
H M H M
cis.cis.trans cis.cis.cis
F ig u r e  1 - 2
2 2
Figure 1 -3
H — N{ L O
Mo'
R e s u l t s
1 , w a s  s y n t h e s i z e d  in
7 0 %  y ie ld  by t h e  re a c t io n  o f  [1 2 ] a n e N 3  w i th  c y c t o h e p t a t r i e n e  m o ly b d e n u m ( O )  
t r ic a rb o n y l  [{C H T )M o(C O )3 )] in h e x a n e  u n d e r  n itrogen a t  room  te m p e r a tu r e  ( re a c t io n  
1 -1 ). 1 c a n  a lso  b e  s y n th e s i z e d  by th e  p rev io u s ly  r e p o r te d  h ig h - te m p e ra tu re  r e a c t io n  
of M o ( C O ) 6  with [1 2 ] a n e N 3  ( re a c t io n  1 -2 ). [ E le m e n ta l  a n a l y s e s  ( c a lc u la te d  for 
1 / o b s e r v e d )  N% 1 1 .9 6 /1 1 .8 1 ,  C %  4 1 .0 3 /4 1 .0 0  a n d  H %  6 .0 3 /6 .1 7 ]
R e a c t io n  1-1
S ing le -c ry s ta l  X -ray quality c ry s ta ls  w e re  o b ta in e d  by  th e  slow d iffus ion  of l igand  in
(CHT)Mo(CO)3 + [12]aneN3 ----------- > [12]aneN3Mo(CO)3 + CHT
R e a c t io n  1-2
Mo(CO)0 + [12]aneN3 > [12]aneN3 Mo(CO)3 + 3 CO
2 3
T H F  la y e re d  o v e r  (C H T )M o (C O ) 3  in m e th y le n e  ch lo r id e .  T h e  s t ru c tu re .  F igu re  1-4, 
h a s  c i s .c i s .t r a n s  ring fusion. T h e  a v e r a g e  Mo-C b o n d  leng th  of 1.91 A is 0 .0 7  A sh o r te r  
t h a n  th e  Mo-C b o n d  length  in th e  t r ip h o s p h a c y c lo d o d e c a n e  a n a lo g .5 8  T h is  d if fe ren ce  c a n  
b e  a t t r ibu ted  to  d im in ish ed  Mo-L b o n d  e n e rg y  in 1 c o m p a r e d  with its p h o s p h o r u s  an a lo g .  
W hile  th e  a v e r a g e  N-Mo-N b o n d  an g le  is only 79 .9°  th e  a v e r a g e  C-M o-C b o n d  a n g le s  a re  
c o m p r e s s e d  to 8 5 .3 ° .  T h e  C-M o-C c o m p re s s io n  c a n  b e  a t tr ibu ted  to s te r ic  in te rac t io n s  
b e tw e e n  th e  l ig a n d 's  alkyl c h a in s  a n d  the  c a rb o n y ls .  T h e  N-Mo b o n d  leng th  is directly 
l in k ed  to  th e  ty p e  of  ring fu s io n  o b s e r v e d  a lo n g  th e  b o n d .  T h e  &£. ring fu s ion  is 
a s s o c i a t e d  with a  0 .0 7  A longer  b o n d  than  th e  t r a n s  ring fusion.
T h e  so l id - s ta te  in fra red  s p e c t r u m  of 1 s h o w s  N-H s t r e tc h in g  a t  3 2 8 0 c m * 1 , C-H at 
2 9 2 0 ,2 8 4 7  c m * 1 a n d  C O  a t  1 8 9 0 ,1 7 5 5 ,1 7 2 0  cm *1 . 1 3 C a n d  1 H nm r s p e c t r a  ind ica te  
th e  p r e s e n c e  of tw o i so m e rs  (T ab le  1 - 1 ) from both  sy n th e t ic  m e th o d s .  T h e  tw o  is o m e rs  
1 A  a n d  1 B h a v e  a p p a r e n t  C s  a n d  C 3 V sy m m e try  resp ec t iv e ly .  T h e  so l id -s ta te  s t ru c tu re  
is c o n s is te n t  with th e  nmr of 1A . No e v id e n c e  of i so m e r  e x c h a n g e  on  th e  nm r tim e sc a le  
w a s  o b s e rv e d  at a m b ie n t  te m p e ra tu re .  A s low  popu la t ion  redistribution w a s  o b s e r v e d  at 
e l e v a t e d  te m p e r a tu r e s ,  a n d  their  relative a m o u n ts  in a  s e a l e d  s a m p le  c h a n g e d  o v e r  th e  
c o u r s e  of o n e  y e a r .  In th e  90M H z 1 3 C sp e c t ru m , upfield r e s o n a n c e  s ig n a ls  from th e  1 A 
i s o m e r  a r e  d y n am ica lly  b r o a d e n e d .  T h e  h e te ro n u c le a r  co rre la t ion  s p e c t ru m ,  H E T C O R , 
in d ic a te s  th a t  th e  m e th y le n e  h y d r o g e n s  a lp h a  to n i trogen  c o r r e s p o n d  to  r e s o n a n c e s  a t  
2 .7 5  a n d  2 .49  p p m  a n d  that t h e  m e th y le n e  h y d ro g e n s  b e t a  to n i trogen  r e s o n a te  a t  1 .58 
a n d  1 .74  ppm  for 1 B (Figure 1-5). C o r re la ted  s p e c t ro s c o p y ,  C O S Y , w a s  u s e d  to a s s ig n  
th e  1H nm r for b o th  i s o m e r s  (F igure  1-6).
2) 1 . 5 ,9 - T r i a z a c v c l o d o d e c a n e  c h r o m i u m fOI t r i c a r b o n v l. 2 ,  w a s  s y n th e s i z e d  by th e  
r e a c t i o n  of c y c t o h e p t a t r i e n e  ch ro m iu m (O )  t r ic a rb o n y l  with  [1 2 ] a n e N 3  in refluxing
h e x a n e  u n d e r  n i t ro g en  in 7 1 %  yield. [E lem en ta l  a n a l y s e s  (ca lc u la ted  for 2 / o b s e r v e d )  
N %  1 3 .6 7 /1 3 .9 4 ,  C %  4 6 .9 0 / 4 6 .7 2  a n d  H %  6 .8 9 /7 .1 1 ]  T h e  s o l id - s t a t e  in f ra re d  
s p e c t r u m  s h o w s  N-H s t r e tc h in g  a t  3 2 9 5  c m * 1 , C-H s t r e tc h in g  a t  2 9 4 0 ,2 9 1 5 ,2 8 6 0  
c m * 1 a n d  C O  s t re tc h in g  a t  1 8 8 5 ,1 7 5 0 ,1 7 3 0  cm *1 . Its n m r  s p e c t r a  in d ica te  th e
2 4
F u g u r e  1 - 4
2 5
Figure 1 -4  (cont.)
C)
S e le c te d  Bond D is tances ,  B ond A ngles  a n d  Torsion A n g le s  f o r c i s .c is .t r a n s - 






















76 .40 (13 )
77 .27 (14 )
86 .09 (13 )










N(9)-C(10)-C(11 )-C (1 2) 
C (10)-C(11)-C(12)-N(1) 
C ( 1 1 )-C(12)-N(1)-Mo 
C{1 2 )-N {1 )-Mo-N{9)
N{1 )-Mo-N(9)-C(10)
C (13 )-0 (13 )


























A) O R T E P  d iagram  sh o w in g  5 0 %  ellipsoids
B) T o p  v iew  of tricyclic ring sy s tem  with tors ion ang le  s ig n s
C) S e le c t e d  bo n d  le n g th s  a n d  a n g le s  a n d  tors ion a n g le s
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Figure 1-5
HETCOR spectrum of 1 in DMSO 
360 MHz *H nmr 
(vertical axis)
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Figure 1 -6






W A B A S  B B BA AB A B
p r e s e n c e  of two i s o m e r s  a s  w a s  f o u n d  with th e  m o ly b d e n u m  a n a lo g s  {Table 1-1). The 
low er-sym m etry  i s o m e r  is a lso  d y n am ica l ly  b r o a d e n e d  at 90  M H z in th e  1 3 c  s p e c t ru m .  
A s s ig n m e n t  of r e s o n a n c e s  w as  a c c o m p l is h e d  by  t h e  u s e  of 1 H sp e c t ra l  in teg ra t ion  and  
h o m o n u c le a r  co rre la t ion  te c h n iq u e s  C O S Y  and  HOHAHA, which ind ica te  d irec t  a n d  relay 
c o n t a c t s  re spec tive ly .
T a b le  1-1
1 3 c  c h e m ic a l  sh ifts  in dg -D M S O  (p p m )
[12]aneN 3 M o ( C O ) 3  [12]aneN 3 C r ( C O ) 3
1 A 1 B 2A 2B
(Cs ) ( C 3 y ) fCg) fC 3 v)
23.47 23 .63
2 4 .9 4 23 .89 be ta-r ing  c a r b o n s
25.11 24.41
45.63 46 .65
5 0 .5 6 49 .97 alpha-ring c a r b o n s
51.01 50.23
51.46
2 2 5 .4 2
52 .12
2 2 9 .2 0
226.67 2 3 0 .3 0 carbony l c a r b o n s
228.47 2 3 1 .73
1 H c h e m ic a l  shifts in dg -D M S O  (p p m )  
[12]aneN 3 M o ( C O ) 3  [12]aneN 3 C r{C O ) 3
1 A 1 B 2A 2B








1 .63 b e ta -c a rb o n  h y d ro g e n s














4 .5 2 nitrogen h y d ro g e n s
2 9
3) T r i - N - m e t h v l - 1 .5 .9 - t r i a z a c v c i o d o d e c a n e  m o l v b d e n u m fOl t r i c a r b o n vl. 3 .  w a s  
s y n th e s i z e d  by  th e  reac t io n  of M o(C O )g with Me3 [1 2 ] a n e N 3  in d eca lin  a t  1 5 0 °C  u n d e r  
n i t r o g e n  in 6 1 %  y ie ld .  [ E le m e n ta l  a n a l y s e s  ( c a l c u l a t e d  fo r  3 / o b s e r v e d )  N %  
1 0 .6 8 / 1 0 .5 1 ,  C %  4 5 . 8 0 / 4 5 .5 9  a n d  H %  6 .9 2 /6 .6 8 ]  T h e  c o m p l e x  is s o lu b le  in 
n i t ro m e th a n e  a n d  n i t ro b e n z e n e .
C ry s ta ls  s u i t a b le  for s in g le -c ry s ta l  X -ray  a n a ly s i s  w e re  o b t a in e d  by rec ry s ta l l iza t io n  
f ro m  n i t r o m e th a n e  by s lo w  e v a p o r a t io n  (F igu re  1 -7 ) .  A s in 1 A a  s m a l l  a v e r a g e  
N-Mo-N b o n d  a n g le  (87°) is a s s o c i a t e d  with a  sm a ll  a v e r a g e  C -M o-C  b o n d  a n g le  (84°). 
T h e  relative s te r ic  bulk of m ethy l g r o u p s  in p la c e  o f  th e  h y d r o g e n s  c o n t r ib u te s  to th e  
0 .0 4  A le n g th e n in g  of th e  cis. ring fusion  in 3 c o m p a r e d  with 1 A . Unlike 1 A, 3 s h o w s  
all cis. ring fu s io n s .
I ts  s o l i d - s t a t e  in f ra re d  s p e c t r u m  s h o w s  a  C -H  s t r e t c h i n g  e n v e l o p e  b e t w e e n  
2 8 0 0 - 2 9 9 5  c m ' 1 a n d  C O  s tre tch in g  a t  1900, 1 7 7 0 ,  1750 c m ' 1 which is  c o n s i s t e n t  
w ith  th e  C i  sy m m e try  o b s e r v e d  in t h e  x-ray s tu d y .  The 1 3 C n m r  s p e c t r u m  (T ab le  
1-2) in d ica te s  t h e  p r e s e n c e  of only o n e  isom er.  T h e  c i s . c i s . c i s  ring fusion  o b s e r v e d  in 
t h e  solid s t a t e  is  c o n s i s te n t  with the  t im e -a v e ra g e d  C 3 V sy m m e try  o b s e r v e d  in th e  nm r 
s p e c t r u m .
T a b l e  1-2
1 3 C  nmr c h e m ic a l  sh if ts  (ppm) 
ligand M e3 [1 2 ]a n e N 3 M o (C O ) 3
CDCI3 CD CI3 C g D g /  benzonitr i le
22 .24 2 2 .7 5 2 3 .0 2 C - £ H 2 -C
43 .06 5 6 .1 6 5 6 .0 6 N-C.H3
52 .09 59.21 5 9 .4 4 n -c .h 2 - c
A 2 2 7 .2 8 M-C.-0
* p a r a m e te r s  u s e d  for th is  s p e c t ru m  did not in c lu d e  the  c a rb o n y l  region
3 0




S e le c te d  B o n d  D is tances ,  B ond A ngles  and  T orsion  A ngles  for 
Me3 [1 2 ]an eN 3 M o(CO ) 3  in A ngstrom s, d e g r e e s  a n d  d e g r e e s  respectively .
Mo-N(1) 2 .394(9) M o-C(1 ) 1 .925(11) C (1)-0 (1 )  1.169(14)
Mo-N(2) 2 .383(7) Mo-C(2) 1.917(8) C (2)-0(2) 1.176(10)













Mo-N(1)-C(6)-C(5) -6 8 .6 (1 0 ) Mo-N(2)-C(3)-C(4) -65.4(7)
N(1)-C(6)-C(5)-C(7) 32.7(9) N(2)-C(3)-C(4)-C(3)a 74.6(9)
C(6)-C(5)-C(7)-N(2) 34.3(11) C(3)-C(4)-C(3)a-N(2)a -74.6(7)
C(5)-C(7)-N(2)-Mo -43.2(6) C(4)-C(3)a-N(2)a-M o 65.4(4)
C(7)-N(2)-Mo-N(1) 5.9(7)* C(3)a-N(2)a-M o-N(2) -45.8(2)
N(2)-Mo-N(1)-C(7) 43.1(9) N(2)a-Mo-N(2)-C(3) 45.8(7)
M o-N(2)a-C(7)a-C(5)a 43 .2(0)
N (2)a-C (7)a-C (5)a-C (6) 'a -82.4(12)
C (7)a-C (5)a-C (6) 'a -N (1) 80.3(2)
C(5)a-C(6)'a-N(1 )-Mo -40.9(1)
C (6 ) 'a-N (1  )-Mo-N(2 )a 80.8(8)
N(1)-Mo-N(2)a-C(7)a -5.9(1)*
A) O R T E P  d iag ram  show ing  5 0 %  ellipsoids for o n e  of two conform ational 
en an t io m ers .  C 8  a n d  C 6  w e re  refined for 50%  o c c u p a n c y .  C7 a n d  C 9  s h o w  large 
therm al e llipsoids d u e  to  d iso rde r  ove r  two positions.
B) T op  view of tricyclic ring s y s te m  with torsion an g le  s igns .
C) S e le c te d  b o n d  leng ths  a n d  a n g le s  a n d  torsion a n g le s .
* an g le s  which include C 7  a n d  C 9 d ev ia te  from norm al d u e  to d iso rd e r .  This is 
espec ia lly  no ticeab le  a t  th e  points  m ark ed ,  with th e  unusually  sm all  angle .
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4) T r i - N - m e t h v l - 1 . 5 . 9 - t r i a z a c v c l o d o d e c a n e  p a M a d i u m f l h  d i c h l o r i d e . 4 .  w a s
s y n th e s i z e d  by  th e  add it ion  of b is -b en zo n i t r i le  pa llad ium  d ich lo r ide  in b e n z e n e  to  an  
e x c e s s  of l ig an d .  T h e  r e d -o ra n g e  p ro d u c t  fo rm e d  within m in u te s  a n d  w a s  filtered a n d  
v a c u u m  d r ied  to  g ive  a  6 0 %  yield. [E lem en ta l  a n a l y s e s  ( ca lcu la ted  for 4 /o b s e r v e d ) :  N %  
1 0 .7 6 /1 0 .6 6 ,  C %  3 6 .8 9 /3 6 .8 2  a n d  H% 6 .9 7 /7 .0 8 ]  Its s o l id - s t a t e  in f ra re d  s p e c t r u m  
is  c h a r a c t e r i z e d  by C-H s t r e tc h in g  f r e q u e n c ie s  a t  2 9 8 0 ,  2 9 4 0 ,  2 9 0 0 ,  2 8 5 0  a n d  2 7 6 0  
c m ' 1 , an  in te n s e  p e a k  a t  1 4 6 0  c m ' 1 a n d  Pd-CI s t re tch in g  at 2 9 0  c m ' 1 . T h e  p roduc t  is 
so lu b le  in ch lo ro fo rm , m e th y le n e  ch lo r id e  a n d  slightly so lu b le  in b e n z e n e ,  in so lution 
th e  co m p lex  d e c o m p o s e s  slightly a b o v e  a m b ie n t  t e m p e r a tu r e s  to yield pa l lad iu m  m etal.
In chloroform , b o th  the  1 H a n d  1 3 C nm r s p e c t r a  s h o w  s ign if ican t d y n a m ic  b ro a d e n in g  
a t  room  t e m p e r a t u r e .  T h e  v a r ia b le  t e m p e r a tu r e  1 3 C s p e c t r a  s h o w e d  tw o i s o m e rs  a t 
-6 9 °C  with s ig n i f ic a n t  e x c h a n g e  b r o a d e n i n g  o f  th e  m in o r  i s o m e r  a t  - 1 3 ° C  a n d  
significant e x c h a n g e  b ro a d e n in g  of th e  m a jo r  i so m e r  a t  -2°C. Very b ro a d  p e a k s  for all 
downfield r e s o n a n c e s  w e re  o b s e r v e d  a t  a m b ie n t  te m p e ra tu re  (F igure  1-8). T h e  1H nm r 
s p e c t r a  s h o w e d  th e  s a m e  ty p e  of behav io r .  H ow ever ,  th e  in c re a s e d  n u m b e r  of p e a k s  d u e  
to coupling  m a k e s  the  a s s ig n m e n t  of o v e r lap p in g  r e s o n a n c e s  difficult. P r e s e n c e  of two 
m ethyl s in g le ts  a t  all t e m p e r a tu r e s  in d ica te s  th a t  not all of th e  m ethyl g r o u p s  a r e  free  to 
e x c h a n g e  a n d  th e  time a v e r a g e d  sy m m etry  is low er th a n  C 3  (F igure  1-9).
5) T r i - N - m e t h v l - t r i a z a c v c l o d o d e c a n e  n i c k e l flll  d i b r o m i d e . 5 ,  w a s  s y n t h e s i z e d  in 
7 5 %  yield b y  t h e  reac tion  of  e x c e s s  M e3 [1 2 ] a n e N 3  with a  s u s p e n s io n  of N i B ^ D M E )  
in h e x a n e  a t  r o o m  t e m p e r a tu r e .  [E lem en ta l  a n a ly s i s  ( c a lc u la te d  for 5 / o b s e r v e d ) :  N%  
9 . 7 3 / 9 . 6 7 ,  C %  3 3 . 3 7 / 3 3 . 1 2  a n d  H %  6 . 3 0 / 6 . 4 3 ]  T h e  f u c h s i a - c o l o r e d  so l id  
d e c o m p o s e d  in D M SO  a n d  DMF but r e m a in e d  in tac t in m e th y le n e  chloride, m e th a n o l  a n d  
n-p ropy t a lc o h o l .  B ro a d  1 H n m r  r e s o n a n c e s  a r e  fo u n d  in m e th y le n e  c h lo r id e  a n d  
m e th a n o l  a n d  n o  1 3 C nm r o r  E P R  (e le c t ro n  p a r a m a g n e t i c  r e s o n a n c e )  s i g n a l s  a r e  
o b s e r v e d .  M a g n e t ic  susceptib il i ty  m e a s u r e m e n t s  w e re  m a d e  u s ing  th e  n m r  m e th o d  of 
Phillips f i i a i - 4 ® ( 1.8 X 1 0 ' 5  c g s )  a n d  F a r a d a y 's  b a l a n c e  (1 .1 3  X 10 '®  c g s ) .  T h e  
e l e c t r o n ic  s p e c t r u m  s h o w s  t h r e e  b a n d s  a t :  9 2 7 ,  7 6 9  a n d  4 6 4  nm  with m o la r  
abso rp tiv i t ies  o f  5 1 ,  21 a n d  5 0  a b s .  d m 3/m o le  cm .
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Figure 1-8
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D iscu ss io n
T h e  m o s t  u s e d  a n a l y s i s  fo r  a s s i g n i n g  s o lu t io n  s t r u c t u r e  in th i s  w o rk  is 
p r o t o n - d e c o u p le d  1 3 C nm r s p e c t r o s c o p y .  T h e  la rg e  shift r a n g e ,  r e d u c e d  n u m b e r  of 
r e s o n a n c e s  a n d  th e  lack  of h o m o n u c le a r  coupling  m ultip lets , a s  c o m p a r e d  with 1 H nmr, 
of ten  allow  d irec t  s t ru c tu re  d e te rm in a t io n .  T h e  a b s o lu te  a s s ig n m e n t  of e a c h  r e s o n a n c e ,  
h o w ev e r ,  is no t usua lly  a s  s t ra ig h t  fo rw ard .
Me3 [1 2 ] a n e N 3  a n d  [1 2 ] a n e N 3  m ay  d isp lay  effective C-|,  C s , C 2 , C 3  o r  C 3 V sy m m e try  
w h e n  c o m p le x e d .  T h e  n u m b e r  of  r e s o n a n c e s  o b s e r v e d  for t h e s e  is an  indication of the  
bonding  a n d  of a llow ed e x c h a n g e  m e c h a n is m s .  T h e  p red ic ted  n u m b e r  of 13C r e s o n a n c e s  
for M e3 [1 2 ] a n e N 3  is 12 for , 7  for C s  a n d  C 2 , 4  for C 3  a n d  3 for C 3 V. T h e  p red ic ted  
n u m b e r  of 1 3 C r e s o n a n c e s  for [1 2 ] a n e N 3  is 9 for C - | , 5 for C s  a n d  C 2 , 3  for C 3  a n d  2  
for C3 v- A ccidental o v er lap  m ay r e d u c e  the  n u m b e r  of actually  o b s e r v e d  r e s o n a n c e s .
As a  first ap p ro x im a tio n  to shift a s s ig n m e n t  of c a r b o n s  in a  trans it ion  m e ta l  co m p lex ,  
th e  shift r a n g e s  of e a c h  type  of c a rb o n  in th e  u n c o m p le x e d  ligand  m a y  b e  u s e d .  C lea r  
d is t in c t io n s  a r e  o b s e r v e d  b e tw e e n  m e th y le n e s  b o u n d  only  to  c a r b o n  a n d  m e th y le n e s  
b o u n d  to  n i t ro g e n .  H o w e v e r ,  th e  c h e m ic a l  sh if t  d i f f e r e n c e s  b e t w e e n  m e th y l s  a n d  
m e th y le n e s  b o u n d  to n itrogen is not a s  g rea t .  Shifts  of th e  l igands  [9 ]a n e N 3 , [1 2 ] a n e N 3  
a n d  M e3 [ 1 2 ] a n e N 3  i l lustra te  th is  (T ab le  1-3).
T a b le  1-3
1 3 C n m r  in CDCI3  (ppm)
[9 ]a n e N 3  [1 2 ]an eN 3  M e 3 [1 2 ] a n e N 3
27 .14  22 .24  C -£ .H 2 -C
4 7 .1 5  47 .9 5  52 .0 9  N-Q.H2 -C
43 .06  C - £ H 3
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T h e  n u m b e r  of c a r b o n  r e s o n a n c e s  a s s i g n e d  to  a n  i so m e r  will b e  res tr ic ted  b y  th e  
sy m m e try  of th e  c o m p le x .  For e x a m p le ,  p r e s e n c e  of  a  C 3  ax is  will often  r e d u c e  th e
n u m b e r  of  distinct r e s o n a n c e s  to o n e  third of th e  to ta l  n u m b e r  of c a r b o n s .  A c c id e n ta l  
o v e r la p  of  r e s o n a n c e s  o c c a s io n a l ly  o c c u r s ,  fu r th e r  r e d u c in g  th e  n u m b e r  o b s e r v e d . .  
H o w e v e r ,  p r e s e n c e  o f  add it iona l  r e s o n a n c e s  in a n  analytically  p u r e  s a m p le  s u g g e s t s  a  
lower sy m m e try  or  th e  p r e s e n c e  of  additional i so m e rs .
C o r re la te d  nm r s p e c t r o s c o p y  is u se fu l  in the  a s s ig n m e n t  of c o u p le d  sp e c tra .  F o r  th e  
p u r p o s e s  of this d i s c u s s io n  "H e te ro n u c lea r"  will re fe r  to 1 H -1 3 C a n d  "H o m o n u c lea r"  to 
1 H -1 H. C o rre la ted  s p e c t r a  m ay  be in te rp re ted  by p ro jec ting  a  r e s o n a n c e  on  the a x e s  a n d  
noting a  re la tionsh ip  b e tw e e n  the  r e s o n a n c e s  on  th e  projec tion . T h e  re la tionsh ip  of two 
s u c h  r e s o n a n c e s  is d e te rm in e d  by th e  acquisition p a r a m e te r s  a n d  p u l s e  s e q u e n c e s .
C o m p l e x e s  w h ich  h a v e  c le a r ly  a s s i g n a b l e  v ib ra t io n a l  s p e c t r a  c a n  a l s o  a l lo w  
d e te rm in a t io n  of sy m m e try .  C arb o n y l  s t re tc h in g  f r e q u e n c i e s  a r e  particu larly  u s e fu l  in 
th is  r e g a rd .  T h ey  a r e  o b s e r v e d  in a  reg io n  f ree  of  m o s t  o th e r  b a n d s .  They  a r e  v e ry  
in te n s e  a b s o rp t io n s  c o m p a r e d  with o th e r  IR m o d e s .  T h e s e  can  p ro v id e  direct in form ation 
a b o u t  th e  m eta l coo rd ina tion  geo m e try .
U nlike nm r, an  IR b a n d  is u su a l ly  th e  re su l t  o f  c o u p le d  v ib r a t io n s  m a k in g  th e  
a s s i g n m e n t  of a  b a n d  to  a n y  u n i q u e  C - 0  g r o u p  d iff icu lt .  C o m p a r i s o n  of 
sy m m e try -a l lo w e d  C - 0  s t r e t c h e s  for C s  a n d  C 3 V m e ta l- tr ica rbony l c o m p le x e s  is u se fu l  
for t h e s e  c o m p le x e s .  F or  e a c h  C - 0  b o u n d  in th e  g e n e r a l  s t ru c tu re  be lo w  (Figure 1-10) 
th e  sy m m e try  o p e ra t io n s  of th e  point g ro u p  in q u e s t io n  will b e  a p p l ie d .  The re su l t in g  
re d u c ib le  r e p r e s e n ta t i o n  c a n  b e  r e d u c e d  to l in e a r  c o m b in a t io n s  of  th e  i r r e d u c ib le  
r e p r e s e n ta t io n s  of th is  poin t g roup . T h e  total n u m b e r  of b o n d s  to  w h ich  this p r o c e s s  is 
a p p l ie d  will eq u a l  th e  s u m  of d e g e n e r a c i e s  of the  irreducib le  r e p re s e n ta t io n s .
T h e  r e s u l t s  of t h e s e  d e te r m in a t io n s  a r e  th e  p re d ic t io n  of tw o  b a n d s  for th e  C 3 V 
configura t ion  a n d  th re e  b a n d s  for th e  C s . For rou tine  a n a ly s e s ,  IR h a s  b e e n  re s tr ic te d  to 
s o l id - s ta te  s a m p le s  b e c a u s e  th e s e  m e ta l  tri-carbonyl c o m p le x e s  a r e  m u c h  m ore  o x y g e n
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s e n s i t iv e  in so lu t io n .  U n d e r  an o x ic  c o n d i t io n s  t h e s e  c o m p le x e s  a r e  q u ite  s t a b l e  in 
so lu t ion . S u c h  co n d i t io n s  a r e  eas i ly  m a in ta in e d  in s e a l e d  nm r t u b e s  which  a llow s the ir  
so lu tion  s t r u c tu r e s  to b e  d e te rm in e d .  IR a n a ly s i s  is fu r ther  re s t r ic t iv e  in th a t  it d o e s  
n o t  a lw ay s  p ro v id e  inform ation on  iso m e r  d istribution. A lthough s p e c i a l  t e c h n iq u e s  a r e  
r e q u i r e d  for 1 3 C  nm r to  b e  q u a n t i ta t iv e ,  a p p r o x im a te  i so m e r  d is t r ib u t io n s  m a y  b e  
a s s ig n e d  o n  th e  b a s i s  of rou tine  sp ec tra .
F ig u re  1 -10
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T h e s e  r e p re s e n ta t io n s  m ay  b e  sh o w n  a s :
A M
A ’
1) T h e  s i n g l e - c r y s t a l  s o l i d - s t a t e  s t r u c t u r e  o f  1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e  
m o ly b d e n u m ( O )  t r i c a r b o n y l ,  1 , {Figure 1-4), h a s  a  c i s . c i s . t r a n s  ring fu s io n .  T h e  
m o le c u la r  s t r u c t u r e  o f  1 d e m o n s t r a t e s  fo u r  in tr ins ic  s t ru c tu ra l  t r e n d s .  First,  a s  
c o m p a r e d  with t h e  t r i p h o s p h a c y c l o d o d e c a n e  a n a l o g 5 8  th e  Mo-C b o n d s  a r e  0 .0 7  A 
sh o r te r .  T h is  d i f fe ren ce  is d u e  to  th e  relatively w e a k  Mo-N in te rac t ion  a n d  th e  lack of 
c o m p e ti t io n  for d-rc e l e c t r o n s  b y  n itrogen . S e c o n d ,  th e  ring c o n fo rm a t io n  is a  la rg e  
fa c to r  in th e  e ffec tive  c o n e  a n g le .  In g e n e ra l ,  t h e  s te r ic  e f fec t  of a  s ix -m e m b e r  ring is
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s u m m a r iz e d  by  co n s id e r in g  th e  th re e  h y d ro g e n s  c i£  to  th e  ligands  o n  th e  metal. T h e  m ost 
d irec t  in te rac t io n  is o b s e r v e d  for th e  b o a t  c o n fo rm e r  with d e c r e a s i n g  in te rac tion  u p o n  
tw is t in g  a n d  m in im a l  in te r a c t io n  for  t h e  c h a i r  c o n f o r m e r  ( F ig u r e  1-11 A ,B ,C  
r e s p e c t i v e l y ) .
F ig u re  1-11
A B C
T h e  r ings will b e  r e fe r red  to by th e  n itrogen  a to m  n u m b e r s  within th e  ring. T h e  ring 
w hich  c o n ta in s  N1 a n d  N5 will b e  r e fe r red  to a s  ring 1/5. E a c h  ring directly in te r a c ts  
with only  o n e  c a rb o n y l ;  ring 5 /9  with C 1 4 ,  ring 1 /9  with C 13 ,  a n d  ring 1/5 with C 15 .  
R ing 5 /9  is a  c h a i r  a n d  th e re fo re  s h o w s  th e  le a s t  in te rac tion . T h e  o th e r  r ings a r e  in 
tw is t -b o a t  c o n fo rm a t io n s .  T h e  d is to r t io n  of a  b o a t  c a n  b e  m e a s u r e d  by c o m p a r in g  
to rs ion  a n g le s .  Ring 1/9 s h o w s  th e  le a s t  distortion a n d  the re fo re  s h o u ld  h a v e  th e  la rg es t  
e ffec t o n  th e  carbony l.  Th is  m odel p re d ic t s  the  C -M o-C  bo n d  a n g l e s  to  inc rease ,  in the  
o r d e r  C 1 3 -M o -C 1 5  < C 1 3 -M o -C 1 4  < C 14-M o-C 15 . T h e  m e a s u r e d  a n g le s  a r e  8 3 .1 4 ,  
8 5 .7 2 ,  a n d  8 7 .1 9 ° ,  in t h e  o rd e r  p r e d ic te d .  A dd it iona l  s u p p o r t  for  th is  d e s c r ip t io n  
c o m e s  from th e  t r ip h o s p h a c y c lo d o d e c a n e  ana log .  W hile  the  a v e r a g e  P -M o-F  b o n d  an g le  
is 8 8 .9 °  in th is  c o m p o u n d  th e  C -M o-C  b o n d  a n g le  is 91 .7° .  T h e  i n c r e a s e  in C -M o-C  
b o n d  a n g le  c o m p a re d  with tha t of 1 is d u e  to the  long P-M o b o n d s  w hich  flatten a n d  m ove  
th e  r ings  a w a y  from th e  c a rb o n y ls .  T h e  effect of ring c o n fo rm a tio n  is r e d u c e d  in th is  
c a s e  but is still o b s e rv e d .  Two rings a r e  in d is to r ted  c h a ir  c o n fo rm a t io n s  a n d  o n e  ring is 
in a  d is to r te d  b o a t  co n fo rm ation .  A s e x p e c te d ,  th e  c a rb o n y ls  a s s o c i a t e d  with th e  cha ir  
c o n f o r m e r s  a r e  3° fu r ther  a p a r t  th a n  th e  c a rb o n y ls  a s s o c i a t e d  with o n e  b o a t  a n d  o n e  
c h a i r .
T h e  th ird  in tr insic  e f fe c t  is th e  d e p e n d e n c e  o f  t h e  N-Mo-N b o n d  a n g le  o n  th e
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substi tu t io n  pa tte rn  o f  th e  s ix -m e m b e r  ring. In t h e  c a s e  of 1 tw o  su b s t i tu t io n  p a t t e r n s  
a re  o b s e r v e d .  T h e  d is to r te d  c h a i r  is  1 ,3 -d i-p seu d o -ax ia l ly  s u b s t i t u t e d  (ring 5 /9) a n d  
th e  o t h e r  is a  d i s t o r t e d  t w i s t - b o a t  with  p s e u d o - a x i a l  a n d  p s e u d o - e q u a t o r i a l  
s u b s t i tu t io n s  (rings t / 5  a n d  1/9). T h e  effect of th is  is a  N-M o-N an g le  of 8 6 ° for ring 
5/9 a n d  7 7 °  for rings 1 /5  a n d  1/9. T h e  fourth e f fe c t  is c a u s e d  by ring s i z e  a n d  ring 
fusion. In s e c o n d a ry  a m in e s  the  h y d ro g e n  d o e s  no t  d e m a n d  the  s a m e  s p a c e  a s  th e  alkyl 
s u b s t i t u e n t s .  A re su l t  of th is  is a  low e n e rg y  d is to r t io n  w h ic h  tu rn s  th e  s u b s t i tu te d  
g ro u p s  a w a y  from th e  m e ta l .  In th is  c a s e ,  w h e re  th e  small ring h o lds  the  n i t ro g e n s  too 
c lo se  to  e a c h  o the r  for  optimal o v e r la p  with th e  m e ta l ,  th e  d irec t ion  of th e  d is tortion  is 
im portan t.  With c is. ring fusion th e  N -2p  orbital is tu rn e d  a w a y  from th e  m e ta l  (Figure 
1-12A) w ith  t r a n s  r ing  fusion t h e  N -2 p  o rb ita l  is tu rn e d  to w a r d  th e  m e ta l  (F igure  
1 -1 2 B). T h e  N-Mo b o n d  is th u s  0 .0 7  A sh o r te r  for th e  t r a n s  f u s e d  b o n d  t h a n  for the 
ci&.
F igu re  1 - 1 2
A B
Two i s o m e r s  of 1A ( a v e r a g e  C s ) a n d  1B ( a v e r a g e  C 3 V), a r e  o b s e r v e d  by  1 3 C nmr
(Figure 1 -1 3 ) .  T h e  i s o m e r s  a re  equilib ra ting  slowly o n  th e  la b o ra to ry  tim e s c a l e  s ince  
the  i s o m e r  p o p u la t io n s  c h a n g e  with t im e  a n d  d o  n o t  e x c h a n g e  o n  the  nm r t im e  s c a le .  
B a se d  o n  1 H nmr in teg ra t ion  of a  m ix tu re  of t h e s e  is o m e rs  in d g -D M S O  s e a l e d  u n d e r  
v acu u m , a  shift in r e la t iv e  popu la t io n  o v e r  th e  c o u r s e  of o n e  y e a r  w a s  o b s e r v e d .  A 
similar p o p u la t io n  sh if t  w a s  o b s e r v e d  by  3 C n m r  o v e r  s e v e r a l  h o u r s  a t  e l e v a te d  
t e m p e r a t u r e s  (F igure  1 -14 ) .  T h e  i s o m e r  d is tr ib u t io n  is d irec tly  a f fe c ted  by  reac tion  
te m p e ra tu re ,  sam p le  a g e  a n d  t e m p e r a tu r e  of so lu t ion .  T he  C 3 V iso m e r  (1 B) is  favored 
a t  all t e m p e r a tu r e s  th a t  allow in te rconvers ion .  H o w e v e r ,  u n d e r  n o  condition  w a s  it
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fo u n d  exc lu s iv e ly .  T h e  !o w - te m p e ra tu re  s y n t h e s i s  favors  th e  C s  isom er,  m a k in g  th is  
iso m e r  th e  k inetic  p ro d u c t .  T h e  b a rr ie r  is a p p a r e n t ly  lo w er  fo r  fo rm ation  of i s o m e r  
1 A.
D erivatives  of [1 2 ]a n e N 3 M (C O ) 3 2 5 >2 6  h a v e  b e e n  found w hich  h a v e  c i s . c i s . t r a n s  a n d
c i s . c i s . c i s  ring fu s io n s .  T h o u g h  e a c h  of th e  c i s . c i s . c i s  r ings  a r e  d istinct in t h e  solid 
s t a t e ,  in te rc o n v e rs io n  of t h e s e  r ings  m ay  b e  a c c o m p l i s h e d  by  ro ta t io n s  a r o u n d  s ing le  
b o n d s  { S c h e m e  1-1). If th e  ro ta tion  b arr ie r  is  low on  th e  n m r  t im e  s c a le  th is  i s o m e r  
w o u ld  d i s p la y  a p p a r e n t  C 3 V sy m m e try .  T h i s  d e s c r ip t io n  is  c o n s i s t e n t  w ith  th e  
th e rm o d y n a m ic a l ly - fa v o re d  p ro d u c t  1B.
A lthough th e  c rys ta l  s t ru c tu re  of 1A h a s  C-| s y m m e try ,  th e  s k e w e d - b o a t  r in g s  a r e  
near ly  identica l a n d  it is unlikely tha t th ey  c a n  b e  d is t in g u ish e d  in solution o n  th e  nm r 
tim e  sc a le .  T h is  i so m e r  is th e re fo re  e x p e c te d  to  s h o w  C s  s y m m e try  in solu tion  a n d  is 
c o n s i s te n t  with th e  o b s e r v e d  kinetic isom er.
S c h e m e  1 - 1
Mo
C hair,C hair,T w ist-boat C hair,T w isl-b oal.C hair T w ist-boat,C hair,C hair
A A' B
R ota t ion  of a n y  M o-N b o n d  in te rc o n v e r ts  c o n fo rm e rs ;  ro ta t io n  a ro u n d  sp ec if ic  
Mo-N b o n d s  d e te r m in e  which ring (a, b  o r  c) will b e  tw is t -b o a t  a n d  w h ic h  will 
b e  cha ir .  T h e  c o n fo rm e rs  sho w n  a re  la b e le d  on  the  b a s i s  of th e  chair  ring th a t  is 
eq u a to r ia l  to th e  a v e r a g e  C 3 V axis.
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T h e  s t r u c tu r e s  of t h e s e  i s o m e r s  m a n d a te  a  h igh iso m e r iz a t io n  b a rr ie r  by  im p o s in g  
m e ta l -n i t ro g e n  d i s s o c ia t io n  a s  th e  ra te -d e te rm in in g  s te p .  S u b s e q u e n t  rap id  n i t ro g e n  
in v e rs io n  a n d  m e ta l -n i t ro g e n  a s s o c i a t i o n  s t e p s  c o m p le t e  t h e  i s o m e r iz a t io n  ( S c h e m e
A s s ig n m e n t  of 1 3 C nm r r e s o n a n c e s  for t h e s e  i s o m e r s  is non-tr iv ia l .  Ring c a r b o n s  
w e r e  a s s i g n e d  in tw o w a y s .  F irs t ,  t h e  c h a n g e  in re la tive  in te n s i t i e s  with i s o m e r  
popula tion  a n d  s e c o n d ,  the  s e v e r e  b ro ad en in g  of  th e  C s  isomer 1 3 C p e a k s  at 90 MHz. T he  
c a rb o n y l  c a r b o n  r e s o n a n c e s  a r e  of low in ten s i ty  a n d  do  n o t  b r o a d e n  u n d e r  t h e s e  
c o n d i t io n s  b u t  w e r e  a s s i g n e d  by c h a n g e s  in re la t ive  intensity. T h e  resu lting  a s s i g n e d  
1 3 C sh if ts  for e a c h  i s o m e r  a r e :  C 3 V 2 4 .9 4 ,  5 0 .5 6 ,  2 2 5 .4 2  p p m ;  C s  2 3 .4 7 ,  2 5 .1 1 ,  
4 5 .6 3 ,  5 1 .0 1 ,  5 1 .4 6 ,  2 2 6 .6 7  a n d  2 2 8 .4 7 p p m .
S c h e m e  1 - 2
It is well know n  th a t  th e  in ten s i t ie s  of c a rb o n  r e s o n a n c e s  in s p e c t r a  c o l le c te d  u n d e r
1 - 2 ) .
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t h e s e  c o n d i t io n s  a r e  n o t  useful for q u an t i ta t iv e  a n a ly s is .  O nly  r e s o n a n c e s  with similar 
e n v i r o n m e n ts  a n d  N u c le a r  O v e r h a u s e r  Effect (N O E), th a t  is re laxa tion  t im e s  a n d  sp in  
p o p u la t io n  e n h a n c e m e n t s ,  will s h o w  p ro p o r t io n a l  p e a k  in te n s i t i e s .  S u c h  re s t r ic t io n s  
su p p o r t  th e  a s s ig n m e n t  of  th e  2 3 .4 7  to  25.11 p p m  p e a k s  to  C-CJHg-C a n d  th e  4 5 .6 3  to 
5 1 .4 6  p p m  p e a k s  to  C-C.H 2 -N. T h e  p e a k s  dow nfie ld  of 2 0 0  p p m  c a n  only  b e  d u e  to 
M -C = 0 .  F u r th e r  a s s i g n m e n t  of t h e  co nnec tiv i ty  of th e  C s  i s o m e r  r e s o n a n c e s  is not
p ra c t ic a b le ,  b e c a u s e  it w ould  re q u ire  a  2-D  n m r  of a  d y n a m ic a l ly -b ro a d e n e d  i s o m e r  or 
a  lo w - te m p e ra tu re  2 -D nm r in a n o th e r  so lv e n t  ( s in ce  D M SO  f r e e z e s  a t  5°C).
T h e  H E T C O R  e x p e r im e n t  (F igure  1-5) c lear ly  identifies t h e  h y d ro g e n  shifts  a s s o c i a t e d  
with e a c h  of the  C 3 V iso m er  c a r b o n s  a s  in d ica ted  in T a b le  1-4. T h e  C O S Y  ex p e r im e n t  
(F igu re  1-6) w a s  p e r fo rm e d  on  a  s a m p le  with a  la rge  p o p u la t io n  of th e  C 3 V is o m e r  
c o m p a r e d  with the C s  isom er.  O n e  a d v a n ta g e  th a t  this p ro v id e s  is th e  o b v io u s  intensity  
d i f f e r e n c e  in c r o s s  p e a k s  of s p i n - s y s t e m s  th a t  a l lo w s  th e  r e a d y  d is t in g u is h in g  of 
i s o m e rs  r e s o n a n c e s .  T h e  m ore  in te n s e  1B  sp in - s y s te m  co n f irm ed  th a t  th e  four 1 H nm r 
a s s i g n m e n t s  from t h e  H E T C O R  a r e  c o u p le d .  M ost im p o r ta n t  is th e  iden tif ica tion  of 
a n o th e r  r e s o n a n c e  in t h e  sp in -sy s tem . This  additional sp in  a t  4 .6  p p m  c a n  b e  a s s ig n e d  to 
th e  N-H. It p re s u m a b ly  d o e s  not e x c h a n g e  with w a te r  b e c a u s e  th e  n i trogen  lo n e  pa ir  is 
a l r e a d y  t ied  up by t h e  m o ly b d en u m . Exact a s s ig n m e n t  of th e  ABMM'NN,XA,B ,M"M"'...X" 
spin  s y s te m  w a s  not d o n e  d u e  to th e  difficulty of obta in ing  coupling  c o n s ta n ts .
A na lys is  of the  lo w er  intensity sp in -sy s te m  is c o m p l ic a te d  by  the  o v e r la p  of N -C H 2 -C 
r e s o n a n c e s .  T h e  n u m b e r  a n d  in ten s i t ie s  of C - C H 2 -C sh if ts ,  T a b le  1-5 , a r e  c o n s is te n t  
with C s  sy m m e try .  T h e  inc lus ion  of th e  4 .7 5  p p m  r e s o n a n c e  in th e  s p in - s y s t e m  
i n d i c a t e s  o n e  o f  t h e  two t y p e s  of N-H s p i n s .  C o m p l e t e  a s s i g n m e n t  of  th e  
ABCC'D D 'M M 'N N 'O O 'PP 'Q Q 'RR 'X X 'Y  is not p o s s ib le  for th e  s a m e  r e a s o n s  a s  for th e  C 3 V 
isom er.  Partial a s s ig n m e n t s  a r e  sh o w n  in T a b le  1-5.
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T able  1-4 Tab le  1-5
13C fDDmt 1tl (ppm) 13C  (DDm) 1J±(ppm)
A 1.55 A 1 .25
24 .94  1 23 .50  1
B 1 .74 D 2.01
M 2 .5 0 25 .06  2 B.C 1 .80
52 .56  2 47 .4 9  3
N 2 .75 M.N.O 2.5
X 4 .65 50 .88  4
225 .42  3 P .Q .R  2 .7
51 .40  5
X 3 .2 5  
Y 4 .7 9
2 2 6 .5 2  6  
2 2 8 .3 5  7
A B
2) T h e  so lu t io n  n m r  of t r i a z a c y c l o d o d e c a n e  ch ro m iu m (O ) t r ic a rb o n y l  s h o w s  two 
i so m e rs  of th e  s a m e  sy m m e try  o b s e r v e d  for th e  m o ly b d en u m  c o n g e n e r .  T h e  C s  i s o m e r  
a lso  d i sp la y s  1 3 C line b ro a d e n in g  in th e  h igher  field of 90M H z. No e x c h a n g e  b e tw e e n  2 A 
a n d  2B w a s  o b s e r v e d  on  th e  nm r t im e s c a le .  No further s t u d i e s  w e re  d o n e  to e s ta b l i s h  
th a t  t h e s e  i s o m e r s  b e h a v e d  a s  the ir  m o ly b d e n u m  c o n g e n e r s .  HOHAHA w a s  u s e d  to 
e s ta b l i s h  all c o u p le d  1 H s p in s  {Figure 1-15) a n d  C O S Y -4 5  {Figure 1-16) w a s  u s e d  to 
e s t a b l i s h  d i re c t ly -c o u p le d  1 H s p in s .  T h e s e  s p e c t r a  a r e  c o n s i s t e n t  with th o s e  of  th e  
m o lybdenum  an a lo g s .
HOHAHA spectrum of 2 in 
d6-DMSO measured in a 
360 MHz field




CR (CO) 3 [12JANEN3 COSY-45
Figure  1 -1 6
COSY-45° spectrum o f 2  in d6-DMSO 
{360 MHz field)
A= 2A 
B=2 B  
S= DMSO
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E x ac t  a s s ig n m e n t s  of th e  13 C  a n d  1 H n m r  r e s o n a n c e s  (T ab le  1 -6 ) a r e  f rau g h t  with th e  
s a m e  difficulties m en tio n ed  a b o v e .
T a b le  1-6
C 3 y  iso m er  
1 3 C (ppm) 1 H (p p m )
23 .89  1 1 .63 A,B
2 .4  C
4 9 .9 7  2
2.8  D
4 .52  X
2 2 9 .2 0  3
Cs  iso m er  
1 3 C (ppm ) 1 H (ppm )
23 .63  1
24.41 2 
46 .65  3  
50 .23  4 
5 2 .1 2  5
2 3 0 .3 0  6  
2 3 1 .73  7
1.25 A
1.60  B 
1 .78  C
1.99  D
2 .3 -2 .5  M.N.O
2 .5 -2 . 8  P ,Q ,R
2 .9  X 
4 .6 7  Y
A B
3) T h e  m o l e c u l a r  s t r u c t u r e  o f  t r i - N - m e t h y l - 1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e
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m o ly b d e n u m (O )  t r ic a rb o n y l ,  3 ,  (F ig u re  1-7) in c o r p o r a te s  a  c i s . c i s .c i s  ring fu s ion .  
Two equa lly  p o p u la te d  e n a n t io m e r ic  c o n fo rm e rs  ex is t  with two rings a s  c is .- fu sed  c h a i r s  
a n d  o n e  a s  a  tw ist-boat. T h e  pack in g  favo rs  th e  cha ir  which is eq u a to r ia l  to  th e  nom inal 
p rinc ipal a x i s  to  lie in t h e  e ffec t ive  mirror p l a n e .  T h e  ax ia l c h a i r  a n d  th e  tw is t-b o a t  
rings a r e  d i s o rd e re d  a n d  found  in e q u a l  p o p u la t io n s  on  e a c h  s id e  o f  th e  mirror p lane .
Unlike 1 , all o f  th e  s ix - m e m b e r  r ings  of 3 a r e  1 ,1 , 3 , 3 - t e t r a - s u b s t i t u t e d  a n d  a r e  
fu s e d  in th e  s a m e  s e n s e .  This l e a d s  to ind is t inguishable  Mo-N b o n d  le n g th s  (2 .39  A) a n d  
N-Mo-N b o n d  a n g le s  (87°). T h e  a v e r a g e  M o-N-C b o n d  a n g le  is 112 .0°  w h ich  is 5 .6°  
sm alle r  th a n  th a t  in 1 . T h e  a v e r a g e  Mo-N b o n d  length  of 3 is 0 .0 6  A lon g er  th an  th o s e  of
1. H o w ev e r ,  the  M-C b o n d s  a r e  ind is t in g u ish ab le  from t h o s e  in 1  which s u g g e s t s  th a t  
a l th o u g h  th e  n i t ro g en s  a r e  he ld  a w a y  from the  m e ta l  by s te r ic  e f fec ts  th e  d irec tion  of th e  
n itrogen  e le c t ro n  p a ir s  in 3 o v e r la p  m o re  com p le te ly  with th e  m e ta l .
T h e  g e n e r a l  rule of the  e ffec t of ring co n fo rm ation  on C-M o-C b o n d  a n g le  is o b s e rv e d .  
T h e  carbony l pos i t ions  a r e  b a s e d  on  th e  a v e r a g e  of the  two d is to r t ions  which le a d s  to only 
two distinct C-M o-C  a n g le s .  T he  sm a l le r  a n g le  (81.9°) is a s s o c i a t e d  with tw o rings, o n e  
c h a i r  a n d  o n e  tw is t -b o a t .  T h e  l a rg e r  a n g le  (85 .0°)  is a s s o c i a t e d  with o n e  c h a i r  
c o n fo rm e r  a n d  th e  a v e r a g e  of  an  "axial" c h a ir  a n d  twist-boat.
T h e  so lu t io n  nm r s p e c t r u m  of 3 (F ig u re  1 -1 7 )  i n d i c a t e s  a  s in g le  i s o m e r  with 
a p p a r e n t  C 3 V sym m etry .  This is c o n s i s te n t  with th e  c i s . c i s . c i s  ring fus ion  o b s e r v e d  in
its s o l id - s ta te  s t ru c tu re  (F ig u re  1 -2 ). Unlike th e  [1 2 ]a n e N 3  c o m p le x e s ,  1 a n d  2 , only 
o n e  i s o m e r  w a s  o b s e r v e d .  P r e s u m a b ly  t h e  re la tive ly  l a r g e  m e th y l  g r o u p  m a k e s  
fo rm ation  of th e  c i s . c i s . t r a n s - i s o m e r  to o  u n fa v o ra b le .  A s s ig n m e n t  of  t h e  1 3 C nm r 
r e s o n a n c e s  w a s  d o n e  on  th e  b a s i s  of ch em ica l  shift a n d  p e a k  in tensity  (T ab le  1-2).
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Figure 1-17
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T h e  ca rb o n y l  re g io n  of t h e  s o l id - s t a t e  in f ra re d  s p e c t r a  of t h e s e  m e ta l - t r ic a rb o n y l  
c o m p le x e s  m ay b e  s e n s i t iv e  to ring c o n fo rm a t io n s .  T h e  th r e e  c a rb o n y l  b a n d s  of  1 
(F igu re  1-18) a r e  s im ila r  in in tens ity .  T h e r e  is n o  e v i d e n c e  for two i s o m e r s  in th is  
s p e c t r u m  which im plies  th a t  th e  sp e c t ru m  of th e  C-| c i s . c i s . c i s - iso m er  in th e  solid  s t a te
o v e r la p s  with th e  s p e c t ru m  o f  th e  C s  c i s . c i s . t r a n s - iso m er .  T h e  s p e c t r u m  of 2 (F igu re
1-18) is  s im ila r  to th a t  of 1 b u t  is b r o a d e n e d ,  r e d u c in g  th e  r e s o lu t i o n  o f  th e  
a s y m m e tr ic  s t r e t c h e s .  T h e  individual ring c o n fo rm a t io n s  of 3  h a v e  little effect o n  th e  
c a r b o n y l  s t r e tc h in g  f r e q u e n c i e s .  P r e s u m a b l y  t h e  o v e r r id in g  f a c to r  is  i n s t e a d  th e  
m e th y l-ca rbony l in te rac t io n  b e c a u s e  w h e n  t h e s e  a r e  a p p ro x im a te ly  e q u a l  th e  in fra red  
s p e c t r u m  s h o w s  C 3 V sy m m etry  with two s h a r p  p e a k s  a s  found  for 3 (F ig u re  1-18).
4) T h e  o b s e rv a t io n  of s e v e n  r e s o n a n c e s  for th e  m a jo r  i s o m e r  of tri-N-methyl- 
t r i a z a c y c l o d o d e c a n e  p a l lad iu m (l l )  d ic h lo r id e ,  4 A ,  a n d  six  for th e  m in o r  isom er,  4 B ,  
(T able  1-7) s u g g e s t  a p p a r e n t  C s  o r  C 2  sy m m etry  for e a c h .  E x c h a n g e  of t h e s e  iso m e rs  
w ould  b e  e x p e c te d  to  lead  to f e w e r  p e a k s  a n d  if th e  sy m m e try  units a r e  not co inc iden t  to 
h ig h e r  sy m m e try .  T o  e s ta b l ish  th is  r e q u ire s  th e  a s s ig n m e n t  of e x c h a n g in g  p e a k s  a n d  
their  c h e m ic a l  shift d i f f e r e n c e s  in h er tz .  L a rg e r  f r e q u e n c y  d i f f e r e n c e s  re q u ire  f a s t e r  
e x c h a n g e  ra te s  for a v e rag in g .  T h e  low te m p e ra tu re  o f f - re so n a n ce  d e c o u p le d  s p e c t ru m  of 
4 not on ly  p rov ides  a  m e a s u r e  of t h e  n u m b er  of  h y d ro g e n s  b o u n d  to e a c h  c a rb o n  bu t a lso  
in d ic a te s  th e  relative shifts  of g em in a l  h y d ro g e n s  by im posing  a  g r a d e d  a t te n u a t io n  of the  
r e s p e c t iv e  coupling  c o n s ta n t s .  M ethy lene  c a r b o n s  a d ja c e n t  to  c o m p le x e d  n i t ro g en s  a r e  
e x p e c t e d  to  h a v e  g e m in a l  h y d r o g e n s  w ith  s ig n i f ic a n t ly  d i f f e re n t  s h i f t s  d u e  to 
m e ta l -h y d ro g e n  in te rac t ion . D o ub le t  of d o u b le t s  a r e  o b s e r v e d  for dow nfie ld  m e th y le n e s  
a n d  tr ip le ts  for upfie ld  m e th y le n e s  (T ab le  1 -7 ),  c o n s i s t e n t  with p re v io u s ly  o b s e r v e d  
t r e n d s .
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Figure 1-18
A * [1 2 ]an eN 3 M o { C O ) 3  
1 8 9 0 ,  1 7 5 5 , 1 7 2 0  c m ' 1
[1 2 ]an eN 3 M o ( C O ) 3  
1 8 9 0 ,1 7 5 0 ,  1 7 3 0  c m ' 1
£ ,  M e 3 [ 1 2 ] a n e N 3 M o ( C O ) 3  
1 8 9 5 ,  1 7 6 0 ,  1 7 4 5  cm -1
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B a s e d  on c h e m ic a l  shift c h a n g e s  upon  e x c h a n g e  a n d  the  ty p e s  of c a r b o n s  ex c h a n g in g ,  
s e v e n  tw o-site  e x c h a n g e  p a i r s  c a n  b e  a s s i g n e d  (T ab le  1-7). Using re la tive  p o p u la t io n s  
of 4:1 a n d  sh if ts  from th e  s low  e x c h a n g e  limit sp e c t ru m , th e  e x c h a n g e  of t h e s e  i s o m e rs  
w a s  m odelled  u s ing  s e v e n  two s i te  s y s te m s .  T h e  resulting s p e c t r a  w e re  c o n s is te n t  with a  
s in g le  e x c h a n g e  p r o c e s s  (AG+ > 40K J/m o !e ) .  Additionally  th e  s e p a r a t io n  of th e  two 
up fie ld  m e th y le n e  r e s o n a n c e s  in th e  f a s t  e x c h a n g e  limit, with a p p r o x im a te ly  2 : 1  
in tens it ie s  only  120  Hz a p a r t ,  c o m p a re d  with th e  3 2 4  Hz a n d  la rger  s e p a r a t i o n s  which 
s h o w  fa s t  e x c h a n g e ,  in d ic a te s  th a t  th e  p l a n e  of s y m m e try  is c o n s e r v e d  a t  a m b ie n t  
t e m p e r a t u r e .
T a b le  1-7
C h e m ic a l  shift (ppm) multiplicity a s s ig n m e n t c o u p le s Hertz
i so m er in Diff.
4A 4 3 O ff-Res.
2 1 .0 4 triplet* C-& H2-C 1 ~324
21 .94 triplet C-C.H2-C 1 324
22 .27 triplet C-C.H2-C 2 385
2 3 .2 0 triplet* C -G H 2-C 2 3 85
4 0 .2 9 quarte t N -£ H 3 3 890
4 2 .7 6 quartet* N -£ H 3 3 890
5 0 .6 9 d o u b le t  of dou b le ts * N-Q.H2-C 4 25 5 0
52 .52 quarte t N-C.H3 5 1040
5 5 .4 2 * * N -QH3 5 1040
5 5 .4 2 * * N-C.H2-C 6 23 2 0
56 .22 d o u b le t  of doub le ts N-C.H2-C 7 2 4 4 0
57 .7 7 d o u b le t  of doub le ts N -£ H 2 -C 4 2 5 5 0
61 .86 d o u b le t  of doub le ts N -£ H 2 -C 6 2320
6 2 .9 9 d o u b le t  of dou b le ts * N -£ H 2 -C 7 2440
* multiplicity in ferred  from th e  la rg e s t  o b s e r v e d  p e a k s  
** multiplicity not a s s i g n e d  d u e  to r e s o n a n c e  o v e r la p
Logical s t r u c tu r a l  i s o m e r s  for 4 m a y  b e  p r o p o s e d  by  first a s s u m i n g  th a t  th e  
s ix -m e m b e re d  ring a n d  th e  t e n - m e m b e r e d  ring, g e n e r a t e d  by th e  m e ta l  b ridg ing  two 
n i t ro g en s ,  m a y  n o t  b e  on th e  s a m e  side of th e  N-Pd-N p la n e  a n d  s e c o n d ,  a s s u m in g  that 
n o n e  of the  re m a in in g  s e v e n  un its  of the  t e n - m e m b e r e d  ring m a y  p e n e t r a te  th e  N-Pd-N
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p la n e .  If w e  s e t  t h e  N -P d -N  p la n e  o n  this p a g e  with th e  s ix - m e m b e r e d  ring a b o v e  it, 
fo u r  c o n f ig u ra t io n s  of t h e  tw o N -m ethy l g ro u p s  a r e  p o s s ib le  (F igure  1-19).
F ig u r e  1 -1 9
M eth y ls  a t  p o s i t io n s  2  a n d  3, g ive  a  configura tion  (F igu re  1-20) w hich  will force the  
tw o m ethyl g ro u p s  to  o c c u p y  the  s a m e  s p a c e .  T h u s ,  th is  isom er n e e d  not b e  c o n s id e re d  
f u r t h e r .
F ig u r e  1 -2 0
M e th y ls  a t  p o s i t io n s  2  a n d  4  (or th e  e n a n t io m e r ic  1 a n d  3) r e q u i re s  th e  ro tation  of 
only  o n e  N -Pd  b o n d  to le a v e  a  con figu ra t ion  which will b e  re fe r red  to  a s  t r a n s  (F igure
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1 - 2 1  ) .  
F ig u re  1 - 2 1
M ethyls  a t  pos it ions  1 a n d  4 re q u ire s  no  ro ta t ions  from  th e  s ta r t in g  g e o m e t ry .  T h is
con figu ra t ion  will b e  r e f e r r e d  to a s  c i s .
B a s e d  o n  th e  1 3 C nm r d a t a  d e s c r ib e d  ea r l ie r ,  two i s o m e r s  with a p p a r e n t  mirror p l a n e  
o r  two-fold ro ta tiona l s y m m e t ry  a re  p r e s e n t .  T h e s e  a l s o  e x c h a n g e  with e a c h  o th e r  o n  
th e  90M H z n m r  time s c a le  a t  room te m p e ra tu re .
It is im p o r ta n t  to k e e p  th e  following p o in ts  in mind w h e n  co n s id e r in g  a  m e c h a n is m  for
th e  i s o m e r iz a t io n  of 4 A a n d  4 B :  1) in v e rs io n  of te r tia ry  n i trogen  is f a s t  on  this t im e
s c a le ,  2) [9 ] a n e N 3  is kn o w n  to exhibit f a s t  n itrogen e x c h a n g e  w h e n  b o u n d  to  Pd{ll), 3) 
s y m m e t r y  is m a in ta in e d  d u r in g  is o m e r iz a t io n ,  4) in o r d e r  for a  b o u n d  n i t ro g e n  to 
d i s s o c ia te ,  inver t  a n d  r e a s s o c i a t e ,  the  ring, of which it is a  m e m b e r  m u s t  ro ta te ,  forcing 
a s s o c i a t e d  h y d ro g e n s  into t h e  c e n te r  of  th e  ring ( S c h e m e  1-3), a n d  5) n m r  e x c h a n g e  
m odelling  in d ic a te s  the  d a t a  to  b e  c o n s i s te n t  with a  s ing le  tw o site  s y s te m  in in te rm ed ia te  





F o r  t h e  tw o i s o m e r s  t h e r e  a r e  t h r e e  i s o m e r iz a t io n s  w hich  c o u ld  le a d  to  e ffec t iv e  
m irro r  p la n e  s y m m e try .  T h e  c i s - i s o m e r  will d i s p la y  C s  s y m m e try  if th e  r ings  a r e  
flexible, a s  in th e  p a re n t  l igand , a n d  if a  b arr ie r  to  n i t ro g en  e x c h a n g e  is la rge  e n o u g h  to 
iso la te  th is  configuration. F a s t  nitrogen e x c h a n g e  c a n  e i th e r  lead  to a p p a r e n t  C 3 V a s  w a s  
o b s e r v e d  fo r  ([9 ] a n e N 3 )2 P d( ll) ,  o r  to  t h e  t r a n s - i s o m e r  ( S c h e m e  1 -4  A a n d  B 
r e s p e c t i v e l y ) .
T h e  p r o c e s s  d e p ic te d  in S c h e m e  1-4A is ru led  o u t  b e c a u s e  a  C 3 V s t ru c tu re  is no t 
o b s e r v e d  a t  a n y  t e m p e r a t u r e .  S p ace-f i l l ing  m o d e l s  in d ic a te  th a t  th is  p r o c e s s  m a y  
re q u i r e  th e  m e thy l  to  m o v e  within c o n ta c t  d i s t a n c e  of  th e  p a l lad iu m  th u s  p re v e n t in g  
ligation ( S c h e m e  1-5). T h e  p r o c e s s  in S c h e m e  1-4B m a y  b e  h in d e r e d  by m ethyl/r ing  
r e p u l s io n  (F ig u re  1 -22 )  w h ic h  will p r e s e n t  a  b a r r i e r  to  t h e  f o r m a t io n  of th e  





i s o m e r  B’
fa s t  e x c h a n g e
B)
i s o m e r  B
c f  ^ 3 ^
slow  p r o c e s s
d  V v
i s o m e r  B"
in te rm e d ia te  p r o c e s s
<&>
i s o m e r  A
S c h e m e  1-5
O — Si
d
P a th  A, t h e  r e s t r ic te d  a p p r o a c h ,  is a  re s u l t  o f  s h o r t  l in k a g e s  b e tw e e n  
n i t ro g en s .  P a th  B is l e s s  res tr ic ted  allow ing  for b e t te r  o v e r la p  a n d  no t forcing 





T h e  t r a n s - i s o m e r  m a y  i s o m e r iz e  in tw o w a y s .  T he  first is th ro u g h  a  c i s . c i s . t r a n s  
t rans it ion  s ta te ,  a s  d e p ic te d  in S c h e m e  1-4B. T h e  two c is -r ing  fu s ions  a r e  w e a k e n e d ,  
o n e  forming while th e  o th e r  is b reak ing ,  to im p o s e  an  a p p a r e n t  mirror p la n e  in a  chiral 
m o lecu le .  T h is  en a n t io m e r iz a t io n  could  b e  d is ru p te d  by th e  b reak in g  of th e  t r a n s  ring 
fusion  to form th e  c is  isom er.  H ow ever  this isom eriza t ion  d o e s  not ro ta te  t h e  p lan e  of 
sy m m e try .  T h e  s e c o n d  iso m er iza t io n  co u ld  u s e  a  c i s . t r a n s . t r a n s  t ran s i t io n  s t a t e  a s  
s h o w n  in S c h e m e  1-4B. T h e  m ethyl g r o u p s  w ould  fo rce  th is  trans it ion  s t a t e  to b e  
d i s s o c ia t iv e  in n a tu r e  a n d  th u s  h ig h e r  in ac t iv a t io n  e n e r g y .  M ost im p o r tan t ly ,  this 
p r o c e s s  r o t a t e s  t h e  p l a n e  o f  s y m m e try ,  t h u s  th e  i s o m e r iz a t io n  via  th is  p r o c e s s  
c o m b in e d  with e i th e r  of th e  o th e r  p r o c e s s e s  w ould  resu lt  in a p p a r e n t  C 3 V sy m m e try ,  
w hich  is not o b s e r v e d .  This transition s ta te  c a n  the re fo re  b e  d is co u n ted .
A s  a  resu lt ,  th e  s p e c t ra l  d a t a  a re  c o n s is te n t  with c is - t r a n s  isom eriza tion  c o u p le d  with 
rap id  t r a n s - t r a n s  r a c e m iz a t io n .  T h e  two t ran s i t io n  s t a t e s  differ by h a v in g  different 
l e a v in g  g r o u p s  (F ig u re  1-23).
T h e  rela tive e n e r g i e s  of t h e  c is  a n d  t r a n s  i s o m e r s  a re  n o t  definitively k n o w n ,  though  
th e  a b s o lu te  d if fe ren ce  in e n e rg y  is a p p ro x im a te ly  AG = 2 .5  K J/m ole  a t  2 1 0  K a n d  the 
t r a n s  i so m er  is likely to b e  m o re  s tab le .  T h e  m a jo r  solu tion  iso m e r  h a s  th e  le a s t  shift 
d i f fe re n c e  for its b e t a - m e th y le n e  c a rb o n s ,  w h ich  implies th a t  all of t h e s e  p a r t ic ip a te  in 
c o m p lex a t io n  a n d  a r e  p a r t  of s ix -m e m b e re d  r ings,  a s  in th e  a v e r a g e  t r a n s - i s o m e r  c a s e .  
Space-fil l ing  m o d e ls  ind ica te  th a t  the  methyl g r o u p s  m ay b e  in th e  N-Pd-N p l a n e  in the
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c is  iso m er  a n d  th a t  this m a y  c la s h  with t h e  m e ta l .  In th e  t r a n s  i so m er ,  a  twist b o a t  
conform ation  m o v e s  the  m e thy l ou t  of th is  p l a n e ,  th u s  re d u c in g  th e  e n e rg y .  This  twist 
a lso  m o v e s  t h e  m ethyl g r o u p s  c lo s e r  to  th e  t rans i t ion  s t a t e  g e o m e t ry  w h ich  m ay  he lp  
low er th e  e n a n t io m e r iz a t io n  ba rr ie r .
F ig u re  1 -2 3
C i sC i s
T r a n s 'T r a n s
1) A  &  > 4 0  KJ/mole
2) A Q sf 2.5 KJ/mole
3) < 1 0  KJ/mole
5) T h e  6 0 M H z  1 h  n m r  s p e c t r u m  of t r i - N - m e t h y l - 1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e  
nickel(ll) d ib r o m id e ,  5 , in d 4 -M eO H  s h o w s  on ly  th re e  b r o a d  p e a k s ;  1 .9 , 2 .4  a n d  2 .8  
p p m ,  while t h e  3 6 0  MHz s p e c t r u m  s h o w s  t e n  b ro a d  p e a k s ;  0 .8 9 ,  1 .2 8 ,  1 .9 2 ,  2 .21 ,  
2 .2 7 ,  2 .44 , 2 .6 1 ,  2 .83 , 3 .1 3  a n d  3.51 p p m . T h is  b e h a v io r  m a y  b e  c o n s i s t e n t  with a  
fluxional p r o c e s s ,  how ever ,  n o  n o n -so lv e n t  p e a k s  w ere  o b s e r v e d  in th e  9 0  MHz 1 ^ C  
n m r  in d ^ M e O H  a n d  the 2 2 .5  M H z I ^ C  nm r in C D 2 CI2 -
61
No E P R  s ig n a l s  w e r e  o b s e r v e d  for four s a m p le  fo rm s  of 5 ;  n e a t  so lid  a t  a m b ie n t  
t e m p e r a tu r e ,  2 0 %  in KBr a t  a m b ie n t  t e m p e r a tu r e ,  2 .0 %  so lu tion  in e th a n o l  a t  a m b ie n t  
t e m p e r a tu r e ,  a n d  a t  77K. T h e  u s e  of th e  nm r m e th o d  of Phillips e l a l -4 8  to d e te rm in e  
m a g n e t ic  suscep tib i l i ty  w a s  t e s t e d  on  a  m o d e l  c o m p lex  {DME)NiBr2  in n -p ropano l.  T h e
c a lc u la te d  v a lu e ,  8 .7  x 1 0 ' 3 m o l e ' 1 is in a g r e e m e n t  with th e  r e p o r te d  NiBrg v a lu e  of
5 .6  x 1 0 ' 3 m o l e " 1 a n d  in d ic a te s  th e  m e th o d  m a y  b e  a p p l ic a b le  in th is  c a s e .  Nickel 
c o m p le x e s  a r e  rare ly  E P R  a c t iv e  so  o th e r  m e th o d s  a r e  req u ired  to  e s ta b l i s h  m a g n e t ic  
b e h a v io r .  T h e  Phillips M e th o d  r e q u i r e s  th e  m e a s u r e m e n t  o f  sh ift  c h a n g e s  with th e  
add it ion  of t h e  p a r a m a g n e t i c  s p e c i e s .  In th is  c a s e  n o n - lo c k e d  n m r  s a m p l e s  of n e a t  
so lv e n t  a n d  o f  5 so lu tion  (3 .15  x 10 ' 3  g/ml) w e r e  a l te rn a te ly  m e a s u r e d .  T h e  a v e r a g e  
o f  th e  d if fe ren ce  in c h em ica l  shift for th e  so lv en t  methyl 1 H r e s o n a n c e  from th e  s a m p le  
v a lu e  w a s  found  to  b e  4 2  Hz.
T h e  g ram  susceptib ility  X m ay  b e  e x p r e s s e d  a s  follows:
X = 3  Af/ 2 nfm + x 0  + X 0 ( d 0  - d s ) /m  
w h e r e
Af= 4 2 H z  m = 3 .1 5  x 1 0 ' 3  g/ml d 0  = d e n s i ty  of so lv e n t  
f= 3 6 0  MHz d s  = d en s i ty  of so lution
iff d 0  - d s  = -m th e n  X = 3 Af/ 2nfm  a n d  the  m olar
su scep t ib i l i ty  X m = M 3  Af/ 2rcfm. M = 4 3 1 .9 0  g /m o le
x  = 1 .8  X 1 0 - 5 / g  X m = 7 .6  x 1 0 '3 / m o l e
C o m p a r e d  to 1 .13  x 1 0 ‘5 /g  (d e te rm in e d  by M.M. Turnbull  
using  a  F a ra d a y  B alance .)
M olar  su scep t ib i l i ty  m ay  b e  u s e d  to  e s t im a te  th e  a v e r a g e  n u m b e r  of u n p a i r e d  
e le c t r o n s  p r e s e n t .  T h e  n u m b e r  of u n p a i re d  e le c t ro n s  m a y  in turn b e  u s e d  to  pred ic t  
th e  m eta l  coord ina tion  m o d e .  T h e  n u m b e r  of unp a ired  e le c t ro n s ,  n, m ay  b e  d e te rm in e d  
in th e  following m a n n e r ;
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n = 2  S  n  = 2 (S  (S  + 1 ) ) 1 / 2  X m * = 0 .1 2 5  | i2 /  T
0 = n 3  + 2 n  - 8 .0 0 8 9  X m  T 
T = 296 K
n = 3 .4  e '  { n = 2 .5  e* u s ing  M.M. T urnbu ll 's  v a lu e  of  X)
* te m p e ra tu re  c o r re c ted  Xm* is a s s u m e d  to b e  e q u a l  to X m
T h e  p r e s e n c e  of u n p a i r e d  e l e c t r o n s  in th is  d 8  c o m p le x  in d i c a t e s  th a t  it is  n o t  
s q u a r e - p la n a r .  T h is  is c o n s is te n t  with nickel(ll) co o rd in a t io n  c h e m is t ry .  T h e  c o m m o n  
co o rd in a t io n  n u m b e r s  for nickel(ll) a r e  five a n d  six. Five is o f ten  th e  re su l t  of l igand  
s t e r i c  c o n s t r a i n t s .  T h e  e f f e c t  o f  r ing  s i z e  o n  t h e  c o o r d i n a t i o n  n u m b e r  of  
n i c k e l { l l ) - t r i a z a c y c l o a l k a n e  c o m p l e x e s  h a s  b e e n  d e m o n s t r a t e d 1 8 , 2 0 _ a  
tw e l v e - m e m b e r e d  ring m a y  e x e r t  su f f ic ien t  c o n s t r a i n t s  to lo w er  t h e  c o o r d in a t io n  
n u m b e r .  In c o m p le x e s  of this s to ich io m etry  a  s ix -c o o rd in a te  m e ta l  c a n  b e  a t ta in e d  by 
d im eriza t ion  th ro u g h  bridging of two c o m m o n  l igands . This  w ould  re su l t  in e d g e - s h a r in g  
o c t a h e d r a ,  a  v e ry  unlikely s t r u c tu r e  for tr i -N -m ethyl t r i a z a c y c io a lk a n e s .
T h e  e le c t ro n ic  s p e c t r u m  of th is  c o m p le x  in n -p ro p a n o l  (F ig u re  1 -24) s h o w s  t h r e e  
b a n d s  a t :  v i =  1 0 ,8 0 0  c m ' 1 , v 2 = 1 3 ,0 0 0  c m * 1 a n d  v 3 = 2 1 ,6 0 0  c m * 1 . T h e  m o la r  
a b s o rp t io n  coeff ic ien ts ;  51 , 21 a n d  50  a b s .  d m 3 /m o le  c m  re sp e c t iv e ly ,  a r e  c o n s i s t e n t  
with p e n ta - c o o r d in a t e  nickel a n d  a r e  too  la rg e  to b e  c o n s i s t e n t  with o c ta h e d r a l  n ickel 
c o m p le x e s .  This add itiona l e v id e n c e  le a d s  u s  to th e  c o n c lu s io n  th a t  c o m p le x  5 a d o p t s  a  
con fig u ra t io n  like th a t  s u g g e s t e d  for th e  t rans i t ion  s t a t e s  of th e  4 i so m e r iz a t io n .  T h e  
effec t o f  u s in g  a  s m a l le r  m eta l,  Ni(ll), m ay  e n h a n c e  th e  c i s . c i s . t r a n s  i s o m e r  s tab il i ty  




















Ultraviolet-Visible Spectrum o f 5 in n-propanol
1.464.00 nm 7.845E-2 abs
2. 549.50 nm I.896E-2abs
3. 769.25 nm 3.207E-2 abs
4. 927.50 nm 7.899E-2 abs
1000500
Wavelength in nm (500/100 nm divisions)
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Chapter 2:
The S y nthesis  and Characterization of Transition Metal C om p lexes  of 
Orthoamide Derivatives of r i2T aneN 3-
Tricyclic  o r th o a m id e s  h av e  b e e n  known for s e v e ra l  y e a r s 1 >3.4,5 h o w e v e r ,  s tu d i e s  of 
the ir  c o m p le x a t io n  ch e m is t ry  h a v e  no t b e e n  d o n e .  C o m p a r i s o n s  b e t w e e n  m o n o cy c l ic  
l igands  a n d  tricyclic l igands  a n d  b e tw e e n  c o m p le x e d  a n d  u n c o m p le x e d  tricyclic l igands  in 
te rm s  of s tructure  a n d  s p e c t ro s c o p y  c a n  b e  m a d e .
T h e  o r th o f o r m a m id e  d e r iv a t iv e  of [1 2 ] a n e N 3  (figure 2-1 A) will b e  r e fe r red  to  a s  
o r th o f o r m a m id e  a n d  th e  o r t h o a c e t a m i d e  d e r iv a t iv e  of [1 2 ] a n e N 3  (f igure  2 - 1 B) a s
o r th o a c e t a m id e .  A cyclic  o r th o a m id e  t r a n s i t io n  m e ta l  c o m p le x e s  a r e  no t  s t a b l e  to 
d e c o m p o s i t i o n s ^  ( R e a c t io n  2 -1 ) .  In c o m p a r i s o n  t h e  s t ru c tu ra l ly  rigid tr icyc lic  
o r th o a m id e s  sh o w  c o n s id e ra b le  stability to d e c o m p o s i t io n  allowing th e  s tu d y  of c o m p le x  
s t a b i l i t y .
F ig u re  2-1
A B
R e a c t io n  2-1
I







If w e  c o n s id e r  th e  t r a n s . t r a n s . t r a n s  con figu ra t ion  of t h e  o r th o a m id e s  (F igure  2 -1 )  w e  
s e e  t h a t  t h e  n i t ro g en  lone  p a ir s  a r e  an t ip e r ip la n a r  (app) to  th e  c e n t r a l  C-H o r  C -C H 3  
b o n d  for th e  o r th o fo rm a m id e  a n d  o r th o a c e ta m id e  re sp ec t iv e ly .  This g e o m e t r y  a l low s n  
o v e r la p  of th e  n i t ro g e n  lone  p a i r s  with th e  C-H o r  C -C H 3  a n t ib o n d in g  orbita l ( o * c _x)
T h e  e f fec t  of this is to  s h o r te n  th e  radial N-C b o n d s  a n d  to  len g then  th e  C-H or C -C H 3  
bond . T h is  effect h a s  b e e n  re fe rred  to a s  n e g a t iv e  h y p e rco n ju g a t io n . 2
R e s u l t s
1 ) T r ia z a c v c lo d o d e c a n e - O r th o f o r m a m id e  M o (C O ) 3 . 6 , w a s  s y n th e s iz e d  by  the  reac t io n  
of t h e  o r th o fo rm a m id e  with c y c lo h e p ta t r i e n e  M olybdenum (O ) tr ica rbony l in m e th y le n e  
ch lo r ide  a t  room  te m p e ra tu re .  T h e  yellow solid w a s  w a s h e d  with m e th y le n e  chloride  a n d  
d r i e d  u n d e r  v a c u u m .  [ E l e m e n t a l  a n a l y s i s  ( o b s e r v e d / c a l c u l a t e d  fo r  6 ) N %
1 1 .4 3 /1 1 .6 3 ,  C %  4 2 .8 4 /4 3 .2 2  a n d  H% 5 .2 5 /5 .3 0 ]  X -ray  q u a l i ty  s in g l e - c r y s t a l s  
w e r e  o b ta in e d  by d iffusion  of  th e  o r th o fo rm a m id e  in T H F  into (C H T )M o (C O ) 3  in 
C H 2 C t 2 - T h e  o b s e r v e d  s t ru c tu re ,  figure 2-2 , exhib its  C s  sy m m e try  a n d  is nearly  C 3 V. 
T h e  m o le c u le  h a s  a  c ry s ta l lo g rap h ic  mirror p la n e  which c o n ta in s  th e  M o, 0 1 ,  C 1, N 1 , 
C 7  a n d  C 8  a to m s .  M ost s ignificant is the  unusua lly  sm all  N-Mo-N a n g le s  of 57 .7(1) a n d  
5 8 .0 (1 )° .  An a v e r a g e  Mo-N b o n d  leng th  o f  2 .4 0 (1 )  A is o b s e r v e d  a n d  th e  t h r e e  
/ a c - c a r b o n y l s  a r e  c o o r d i n a t e d  with th e  C -M o-C  a n g l e s  of  8 2 .3 (2 )  a n d  8 4 .5 (2 )° .  
A lthough  th e  location  of th e  m ethinyl h y d ro g e n  on  C ( 8 ) w a s  not d e te r m in e d  by X-ray, 
th e  i n f r a r e d  s p e c t r u m  of d e u t e r i u m - l a b e l e d  6  a n d  s o l i d - s t a t e  m a g i c - a n g l e  n m r  
con f irm ed  its p r e s e n c e  with a  C-H b o n d  length  d e te rm in e d  to b e  1 .15 A. T h e  1 H (F igure
2-3) a n d  1 3 C (F ig u re  2-4) so lu t ion  nm r s p e c t r a ,  in d g - D M S O  u n d e r  v a c u u m ,  s h o w  
d is s o c ia t io n  o f  6 . T h e  low c o n c e n t ra t io n  of 6  i n d ic a te s  a  sm a ll  c o m p le x - fo rm a t io n  
c o n s ta n t .  T h e  o b s e r v e d  1 3 C c h e m ic a l  sh ifts  a r e  22 .81 ,  5 2 .4 8 ,  9 5 .1 2  a n d  2 3 0 .4 0  p p m , 
th e  m e th in y l  c a r b o n  a t  9 5 .1 2  p p m  h a v in g  v e ry  low in te n s i ty .  T h e  s o l id - s ta te  I FI 
s p e c t r u m  exh ib its  C -H  s t r e t c h e s  a t  2 9 6 0 ,  2 9 4 0 ,  2 8 4 5  a n d  2 7 8 0  c m ' 1 ; C - 0  s t e t c h e s  
a t  1 9 0 4 ,  1 7 8 5 s h  a n d  1 7 6 3  c m - 1  with no  a b s o r p t io n s  s e e n  b e tw e e n  1 5 0 0  a n d  1 7 0 0  





S e le c te d  bo n d  d i s ta n c e s  for 6




S e le c te d  bo n d  a n g le s  for 6
N 1-C8-N2 105.3(3) 
N2-C8-N2A 105.6(4) 
N1-MO-N2 58.0(2)
Mo-C1 1 .919(6) 
Mo-C2 1 .933(4) 
C 1-01  1 .143(7) 
C 2 -0 2  1 .139(5)
C1-M0-C2 84 .5 (2 )  
C2-MO-C2A 82.3(3) 
N2-MO-N2 58 .0 (3 )
S e le c te d  d ihedral a n g le s  for 6 , a s s i g n e d  a s  the interior an g le  w hen  m o re  
th an  o n e  a s s ig n m e n t  is possib le .
1 ) +
2 ) - 5 8 .7 ( 3 )
3) +
4 ) - 6 3 .0 ( 3 )
5) + 6 2 .9 ( 3 )
6 ) - 5 6 .1 ( 3 )
7) + 4 5 .9 ( 3 )
8 ) - 4 7 .0 ( 3 )
9) + 5 7 .7 ( 3 )
6 8
Figure 2-3
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4) (DMSO)3 Mo(CO) 3
<»   ..
1,4 2 1 2, 3 l 2, 3
PPM
7 0
2) T r i a z a c v c lo d o d e c a n e - Q r th o f o r m a m id e  W t G O ^ . 7 ,  w a s  s y n th e s i z e d  by th e  reaction  
o f  th e  o r th o fo rm a m id e  with c y c io h e p ta t r ie n e  Tungsten(O ) t r ica rbony l u n d e r  n i trogen  in 
refluxing m e th y le n e  ch lo r ide .  T h e  s u s p e n s io n  w a s  filtered w hile  ho t to r e m o v e  tu n g s te n  
h e x a c a rb o n y l .  T h e  yellow  p roduc t  w a s  w a s h e d  with m e th y le n e  ch loride  a n d  d r ied  u n d e r  
v a c u u m .  [ E le m e n ta l  a n a l y s i s  ( o b s e r v e d / c a l c u l a t e d  for  7 )  N% 8 .8 3 / 9 .3 6 ,  C %  
3 3 .4 0 /3 4 .7 6 ,  H% 4 .3 7 /4 .2 6 .]  A s  with th e  m o ly b d e n u m  c o n g e n e r ,  th e  so lu t io n  1 3 C 
n m r  s p e c t r u m  in d ic a t e s  d i s s o c ia t io n  of c o m p le x  in d g -D M S O  (F igu re  2 -5 ) .  Its IR
e x h ib i ts  C -H  s t r e t c h e s  a t  2 9 4 0 ,  2 9 2 0 ,  2 8 5 0 ,  2 8 0 0 ,  2 7 5 0  c m ' 1 C - 0  s t r e t c h e s  a t  
18 9 5 ,  1 7 7 5 s h ,  1 7 5 0  c m ' 1 with n o  p e a k s  in th e  r a n g e  of 1 6 0 0  to 17 0 0  c m ' 1 . The 
infrared d a t a  a re  c o n s i s t e n t  with 7  hav ing  th e  g e n e r a l  s t ru c tu re  o b s e r v e d  in 6 .
3) A t te m p ts  to  s y n t h e s i z e  T r i a z a c v c l o d o d e c a n e - O r t h o f o r m a m i d e  P d C l o .  8 , from 
b is -b e n z o n i t r i le  p a l la d iu m  d ich lo r id e  a n d  o r th o fo rm a m id e  in b e n z o n i t r i l e  a n d  from 
p a l lad iu m  dich lo r ide  a n d  o r th o fo rm a m id e  in w a te r  failed d u e  to  th e  fo rm ation  of Pd(0). 
T h e  b lack  pallad ium  p rec ip i ta te  fo rm s  im m ed ia te ly  u n d e r  both  co n d i t io n s  tried .
4) T r ia z a c v c lo d o d e c a n e - O r th o a c e ta m id e  MofC O Ig .  9 ,  w a s  s y n th e s iz e d  by th e  reaction  of 
th e  o r th o a c e t a m id e  with c y c io h e p ta t r i e n e  M olybdenum (O ) t r ic a rb o n y l  in ch lo ro fo rm  at 
room  te m p e r a tu r e .  T h e  yellow so lid  w a s  w a s h e d  with m e th y le n e  ch lo r id e  a n d  dried  
u n d e r  v a c u u m .  [ E le m e n ta l  a n a l y s i s  ( o b s e r v e d / c a l c u l a t e d )  N %  1 1 .1 8 / 1 1 .2 0 ,  C %  
4 4 .7 0 /4 4 .8 1  a n d  H %  5 .6 2 /5 .6 4 ]  X -ray  q u a l i ty  s in g l e - c r y s t a l s  w e re  p r e p a r e d  by 
diffusing th e  o r th o a c e t a m id e  into (C H T )M o (C O ) 3  in ch loroform  u n d e r  n i t ro g e n  in the
dark .  T h e  reac t io n  w a s  te rm in a ted  a f te r  24  h o u r s  a n d  th e  c r y s ta l s  w e re  w a s h e d  with 
h e x a n e  a n d  v a c u u m  d r ie d  (2 8 .6 %  yield). T h e  m o le c u le  a d o p t s  the  c ry s ta l lo g ra p h ic  
mirror p l a n e  with th e  Mo, 0 1 ,  N1, C 7 ,  C 8  a n d  C 9  a to m s  within t h e  p la n e  (F igu re  2-6). 
T h e  a n g l e s  a ro u n d  th e  m o ly b d e n u m  a to m  a r e  5 8 .8 (1 )°  for N-M o-N a n d  r a n g e  from 
81 .0 (2 )  to  8 6 .3 (3 )°  for C -M o-C . T h e  a v e r a g e  Mo-N bo n d  d i s t a n c e  is 2 .3 5 5 (4 )  A a n d  
th e  q u a t e r n a r y  c a rb o n  to  methyl c a r b o n  (C8-C 9) d i s ta n c e  is 1 .52(1)A . T h e  IR exhibits  
C-H s t r e t c h e s  a t  2 9 5 0 ,  2 9 3 0  a n d  2 8 3 0  c m ' 1 a n d  C - 0  s t r e t c h e s  at 1 9 0 5 ,  1780sh
a n d  17 4 5  c m ' 1 . T h e  1 3 C nm r in d g -D M S O  e x h ib i ts  C g y  s y m m e try  with five
71
F ig u re  2 - 5
Orthoformamide W(CO)3




23.50, 53.29, 99.78 ppm
(p p m )
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F igure  2 - 6  (continued)
S e le c te d  b o n d  d is ta n c e s  for 9 in A
N1-C8 1.495(7) MO-C1 1.901(6)
N2-C8 1.497(5) MO-C2 1.923(4)
N1-Mo 2.355(4) C 1-01 1.180(7)
N2-MO 2.355(3) C 2 - 0 2 1.175(5)
C 9-C8 1.516(9) H71-C1 2.5
H 9 1 -0 1 '  2 .4 H 71-01 2 .7
H 9 2 -0 2 "  2 .6
S e le c te d  b o n d  a n g le s  for 9  in °
N 1-C8-N2 101.2(3) C1-M 0-C2 86 .25(18)
N2-C8-N2A 101.2(4) C2-M0-C2A 81 .04(15)
N 1 -M0 -N2  58 .81(12) N1-Mo-C1 160 .42(21)
N2 -M0 -N2  58.83(11) N2-M o-C2a 165 .21(13)
C 8 -N 1 -MO 82.3(3) C8-N2-M 0 82 .28(24)
S e le c te d  d ihedral a n g le s  for 9 in a s s ig n e d  a s  the  interior ang le  w h en  
m ore  th a n  o n e  a s s ig n m e n t  is poss ib le .
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r e s o n a n c e s  a t  -2 .8 2 ,  2 2 .3 4 ,  4 8 .6 0 ,  9 3 .5 2  a n d  2 3 0 .6 0  p p m  (F ig u re  2 -7 ) .  Unlike 6  
a n d  7  th e  s e a l e d  s a m p le  of 9  s h o w e d  no  a p p re c ia b le  c h a n g e  a f te r  28  d a y s  a n d  no  ligand 
d issoc ia t ion  w a s  o b s e rv e d .
5) T r i a z a c v c lo d o d e c a n e - O r th o a c e t a m id e  W ( C O >3 . 1 0 ,  w a s  s y n th e s iz e d  by th e  reaction  
o f  t r i s - a c e to n i t r i l e  T u n g s te n (O )  t r ic a rb o n y l  with t h e  o r t h o a c e t a m i d e  in m e th y le n e  
c h lo r id e  u n d e r  n i t ro g e n .  T h e  so lu tion  w a s  re f lu x ed  u n d e r  n i t ro g e n  for 4 8  h o u r s .  A 
ye llow -b row n  so lid  w a s  c o l le c te d ,  w a s h e d  with m e th y le n e  c h lo r id e  a n d  d r i e d  u n d e r  
v a c u u m .  [ E le m e n ta l  A n a ly s i s  ( o b s e r v e d / c a l c u l a t e d  for 1 0 ) :  N% 8 .7 0 /9 .0 7  C%
3 5 . 2 6 / 3 6 . 3 0  H% 5 .6 7 / 4 .5 7 ]  Its  s o l i d - s t a t e  in f r a r e d  s p e c t r u m  e x h i b i t s  C-H 
s t r e t c h e s  a t  2 9 5 0 ,  2 9 2 0 ,  2 8 5 5  c m ' 1 a n d  C O  s t r e t c h e s  a t 1 8 9 5  a n d  17 5 0  c m ' 1 . T he  
in f ra red  d a t a  d o  no t definitively ind ica te  C s  sy m m e try  a n d  m ay  b e  th e  re s u l t  of small 
d e v i a t i o n s  f rom  C 3 y  s y m m e try .  1 3 C n m r  d a t a :  -1 .0 3 ,  2 2 .3 7 ,  4 8 .8 7 ,  9 3 .2 6  a n d
2 2 4 .1 8  ppm  (F igure  2 -8 ). T h e  nm r d a t a  a r e  c o n s i s t e n t  with a v e r a g e  C 3 V s y m m e t ry  in 
so lu tion  a s  o b s e r v e d  in 9.
6 ) T r ia z a c v c lo d o d e c a n e - O r th o a c e t a m id e  P d C lo . 1 1 ,  w a s  p r e p a r e d  by the  re ac t io n  of the 
o r t h o a c e t a m i d e  a n d  P d C l 2 ( N C P h ) 2  in b e n z o n i t r i le .  T h e  o r a n g e - b r o w n  so l id  w a s  
p re c ip i ta te d  by th e  add it ion  o f  to lu e n e  a n d  c o l le c te d  by filtration. [E lem en ta l  a n a ly s is  
( o b s e r v e d / c a l c u l a t e d  for 1 1 )  N %  1 1 .3 4 /1 1 .2 8 ,  C %  3 5 .8 4 /3 5 .4 6  a n d  H %  5 .8 5 /5 .6 8 ]  
C ry s ta l s  w e r e  g ro w n  by th e  add it ion  of to lu e n e  to  a  ben zo n i t r i le  so lu tion  of 1 1 . T he  
s t r u c tu r e  h a s  C 1 s y m m e try  (F igure  2-9). H o w e v e r ,  th e  m o le c u le  h a s  a n  a p p a r e n t  
mirror p la n e  w hich  in c lu d e s  th e  P d ,  N3, C 10, C11 a n d  C 2  a to m s .  Of m ore  s ign if icance , 
th e  t r a n s .t r a n s .t r a n s  l igand is ac t ing  a s  a  b id e n ta te  l igand with th e  C-N b o n d s  of the  
b o u n d  n i t ro g en s  l e n g th e n e d  by  0 .0 7  A a s  c o m p a r e d  with the  f ree  ligand . T h e  m ethyl to 
q u a t e r n a r y  c a r b o n  ( C 1 0 - C 1 1 ) b o n d  len g th  (1 .519(7 )A )  is in d is t in g u is h a b le  from  that 
of 9 .  T h e  pallad ium  co o rd ina tion  s p h e r e  is p la n a r  with the  s u m  o f  a d j a c e n t  b o n d  a n g le s  
b e i n g  3 5 9 .9 (1 )° .  Its s o l i d - s t a t e  IR e x h ib i ts  C -H  s t r e t c h e s  a t  2 9 5 0 ,  2 9 2 0 ,  2 8 7 0 ,  
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S e le c te d  b o n d  d is ta n c e s  for 1 1  in A
Pd-CI1 2 .2838(11) 
Pd-CI2 2 .2921(11) 
Pd-N1 2 .082(3) 
Pd-N 2 2 .074(3)
N 1-C 10  1.521(5) 
N 2-C 10  1.517(5) 
N 3-C 10  1.450(6) 
C 10-C11 1.519(7)
S e le c te d  b o n d  a n g le s  for 1 1  i n '
CI1-Pd-CI2 93.74(4) 
CI1-Pd-N1 100.02(9) 
N 1-Pd-N 2 65.79(13) 
N2-Pd-CI2 1 Q0.37MQ1 
su m  359 .9
C 10-N 1-P d  89 .27 (21 )  
C 10-N 2-P d  89 .71 (21 )  
N 1-C10-N 2 96.0(3) 
N 1-C10-N 3 106.2(3) 
N2-C10-N3 107.0(3)
S e le c te d  d ihedra l a n g le s  for 11 in a s s ig n e d  a s  th e  interior a n g le  w hen  
m ore  th an  o n e  a s s ig n m e n t  is possib le .
1 ) -3 9 .8 (3 ) 1 0 ) + 3 9 .8 (3 )
2 ) + 6 0 .5 (3 ) 1 1 ) -5 9 .7 (4 )
3) -7 3 .1 (3 ) 1 2 ) + 7 1 .6 (3 )
4) + 5 2 .8 (3 ) 13) -5 2 .6 (3 )
5) -6 2 .3 (3 ) 14) + 6 0 .2 (3 )
6 ) + 6 5 .3 (3 ) 15) -6 3 .4 (4 )
7) -5 6 .5 (3 ) 16) + 5 5 .5 (4 )
8 ) + 4 9 .5 (3 ) 17) - 5 0 .7 (4 )
9) -4 8 .7 (3 ) 18) + 4 9 .8 (4 )
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1 H nm r s p e c t r a  in de -D M S O  s h o w  a p p a re n t  sym m etry .  T h e  1 3 C nm r s p e c t ru m  h a s  
four  r e s o n a n c e s  a t  2 .45 , 2 3 .2 6 ,  4 9 .2 7  a n d  1 0 2 .1 5  p p m  (F ig u re  2 -1 0 ) ,  w hile  th e  1 H 
n m r  s h o w s  fo u r  m ultip le ts  a n d  a  s in g le t  a t  3 .1 6 ,  2 .7 6 ,  2 .4 3 ,  1 .6 9  a n d  1 .3 3  p pm  
re s p e c t iv e ly  (F ig u r e  2 -11 ) .
7) T r ia z a c v c lo d o d e c a n e - O r th o f o r m a m id e  PtCI^ , 12 , w a s  s y n th e s iz e d  by th e  reac tion  of 
a  g r e a te r  th a n  two-fold e x c e s s  o f  th e  o r th o fo rm a m id e  with F ^ P t C l g  in w a te r  a t  4 0 -50  
°C for 24  h o u r s .  T h e  solid w a s  filtered, w a s h e d  with w a te r  a n d  d r ied  u n d e r  v a c u u m . 
[ E le m e n ta l  a n a l y s i s  ( o b s e r v e d / c a l c u l a t e d  fo r  1 2 ) N %  8 .0 0 /8 .1 1 ,  C %  2 2 .9 7 /2 3 .1 8  
a n d  H% 3 .8 9 /3 .7 0 ]  T h e  yellow  p rec ip i ta te  th a t  fo rm e d  (5 0 %  yield) w a s  only  so lub le  
in c o n c e n t r a te d  ac id  solu tions o f  FICIC>4(60-67%), H2 S O 4  a n d  H3 P O 4  but no t in HCI. 
T h e  1 3 C n m r  s p e c t r u m  w a s  o b s e r v e d  in H C IO 4  ( 5 4 -6 0 %  d i lu te d  with D 2 O  for 
d e u te r iu m  lock). Although, th e  solubility is no t  a s  high a s  in 6 0 -6 7 %  p e rc h lo r ic  acid , 
th is  acid  c o n c e n t ra t io n  allows e n o u g h  produc t to  b e  d is so lv e d  in a  d e u te r a t e d  so lv e n t  for 
n m r  m e a s u r e m e n t s .  The  c o m p le x  d isp lays  C s  sy m m etry  with six 1 3 C nm r r e s o n a n c e s  at 
2 1 .5 1 ,  2 7 .8 4 ,  4 6 .1 0 ,  5 8 .2 7 ,  6 1 .7 1  a n d  1 5 6 .2 1  p p m  a s  well a s  e v i d e n c e  of 
d i s s o c ia t io n  ( F ig u r e  2 -12 ) .  T h e  IR e x h ib i ts  N-H s t r e t c h in g  a t  3 2 6 0  c m ' 1 , C-H 
S tre tch in g  a t  2 9 7 0 ,  2920  a n d  2 8 6 0  c m ' 1 , Pt-CI s t re tch in g  a t  3 0 5  c m " 1 a n d  a  b a n d  at 
1 6 7 5  c m ' 1 .
D iscu ss io n
1) T h e  s o l i d - s t a t e  s t ru c tu re  o f  t r i a z a c y c lo d o d e c a n e - o r th o f o r m a m id e  m o ly b d e n u m (O )  
tr ica rbony l,  6 , is d is to r ted  from C 3 V sy m m etry  b y  d is to r t io n s  of th e  c a rb o n y ls .  Within 
e x p e r im e n ta l  e r ro r  the  th re e  r in g s  of the  o r th o fo rm a m id e  a r e  e q u a l .  H o w e v e r ,  tw o of 
t h e  c a rb o n y ls  a r e  d is to r ted  to w a r d  e a c h  o th e r .  T h is  m a y  b e  d u e  to c ry s ta l -p a c k in g  
f o r c e s  or m o r e  specifically  to  w e a k  h y d ro g en  b o n d in g  of th e  m ethinyl h y d r o g e n  of an  
a d ja c e n t  m o le c u le  to the  o x y g e n  o f  t h e s e  c a rb o n y ls .  This w ould  exp la in  th e  s ta c k in g  of 
t h e  m o le c u le s  of  6  with th e  m e th iny l  h y d ro g en  p r e s u m a b ly  a m o n g  th e  t h r e e  c a rb o n y ls  
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90 MHz f3C nmr spectrum of 12 in D20/H C 104




i j i i  i ri 1111111 n  n  i m | i n  n rrTrjrm  i u  i r| m  i im  i | u r r n n  i | n
100
PPM







a = 2.7 A
nitrogen b = 3.0 A
c = 3.3 A




T h e  N-Mo-N b o n d  a n g le s  in 6  a r e  u n u s u a l ly  sm all  a t  5 7 .7 °  a n d  5 8 .0 ° .  F or  
c o m p a r i s o n ,  th e  a n a l o g o u s  a n g l e s  a re  7 3 .8 (6 )  to  87 .5 (6 )°  in ( tr ien )M o (C O ) 3 . 6 1  An
a v e r a g e  Mo-N b o n d  length  of 2 .40 (1 )  A in 6 is le n g th e n e d  from  th e  c o r r e s p o n d in g  v a lu e  
of 2 .3 2 (1 )  A in th e  tr ien  c o m p le x .  T h e  th re e  f a c - c a r b o n y l s  a r e  c o o r d i n a t e d  with th e  
C -M o-C  a n g le s  c o m p r e s s e d  to 8 2 .3 (2 )  a n d  8 4 .5 (2 )° ,  sm a l le r  th a n  the  a v e r a g e  v a lu e  of 
8 5 . 3 ( 4 ) °  in ( t r i e n ) M o ( C O ) 3 . T h e  a v e r a g e  C -M o-C  b o n d  a n g le  of 8 3 .8 °  in 6  i s  
c o m p a r a b l e  with t h e  83 .1°  o b s e r v e d  in 1 b e t w e e n  C13 a n d  C 1 5 .  T h e  N-Mo-N b o n d  
a n g le  of 6  (58.0°) d o e s  not p ro v id e  a  s teric  fo rc e  which e x p la in s  th e  c o m p r e s s io n  of the  
C -M o-C  a n g le .  T h e  th r e e  s ix -m e m b e re d  r ings c a n  b e  v ie w e d  a s  d is to r te d  c h a i r s  if the  
m o ly b d e n u m  is c o n s id e r e d  a s  p a r t  of the  ring. T h e  d ihedral a n g le s  of th e  o u te r  portion of 
the  r ings  a re  r e d u c e d  by 9° c o m p a r e d  with th e  f re e  ligand. T h is  flattening is c o n s is te n t  
with a  c o m p r e s s iv e  fo rce  b e tw e e n  th e  ring a n d  th e  carbony l a n d  with th e  p u ck e r in g  of 
th e  C N C N  tors ion a n g le s .  Additional relief from c o m p re s s io n  is rea l ized  by th e  b ias ing  of 
th e  ring aw ay  from th e  carbonyl w h e n  the n i t ro g e n s  a re  b ro u g h t  0 .0 7  A c lo se r .
S in c e  the  m eth inyl h y d ro g en  w a s  not lo c a te d  in the  X-ray s tu d y ,  a l te rn a t iv e  m e th o d s  
w e r e  u s e d  to e s t a b l i s h  the  p r e s e n c e  of the  h y d ro g e n  a n d  t h e  a p p ro x im a te  C-H b o n d  
le n g th .  T h e  s o l id - s t a te  in fra red  s p e c t ru m  of 6  s h o w s  fo u r  C-H s t r e tc h in g  b a n d s  a t  
2 9 6 0 ,  2 9 4 0 ,  2 8 4 0  a n d  2 7 7 5  c m ' 1 (F igure  2 - 1 4A ). Only t h r e e  b a n d s  a r e  o b s e r v e d  
for th is  c o m p le x  w h e n  m o n o d e u te r a t e d  at t h e  m eth inyl p o s i t io n  (F igure  2 -1 4B). T h e  
a b s e n c e  of th e  2 7 7 5  c m ' 1 b a n d  is c o n s is te n t  with its a s s ig n m e n t  to th e  m eth iny l C-H 
s tre tch in g .  T h e  o b s e rv a t io n  of t h e  1904, 1 7 8 5 s h  a n d  1763  c m ' 1 p e a k s  in th e  carbony l 
reg io n  of the  s o l id - s ta te  infrared s p e c t ru m  in d ic a te  a lower sy m m e try  th a n  th e  a p p a re n t  
C 3 V o b s e r v e d  in so lu tion  nm r a n d  a r e  c o n s is te n t  with the  C s  sy m m e try  d e te r m in e d  for 
th e  s o l id - s ta te  s t r u c tu r e  (F igure  2 -1 4 ) .  A ddit iona l  e v id e n c e  of th e  p r e s e n c e  of th e  
m e th in y l  h y d r o g e n  c o m e s  from  th e  s o l id - s t a t e  1 ^ C  n m r .  T h e  s o l id - s t a t e  nm r of 
o r t h o f o r m a m i d e  M o ( C O ) 3  (F ig u re  2-15B) s h o w s  four p e a k s  a t  25, 5 4 ,  9 6  a n d  291 
p p m  w hich  a r e  a s s i g n e d  to B -m ethy lene ,  a - m e th y le n e ,  m e th in y l  a n d  c a rb o n y l  c a r b o n s  
re sp e c t iv e ly .  T h e  u s e  of a  m u lt ip le -pu lse  s e q u e n c e  with a n  evo lu tion  t im e  a llow s all 
n o n -q u a te rn a ry  c a r b o n s  to be  s u p p r e s s e d  in th e  sp e c tru m . By c o m p a r i s o n  of s u c h  a
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Infrared spectra o f  6 (A) and 
monodeuterated 6 (B) Figure 2-14
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Spectruin A is the solid-state C nmr o f 6, B is the non-quaternary suppressed spectrum o f 6
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Observed chemical shifts 
1) 281, 96, 54, 25 ppm
A) B)
* denote spinning sidebands 
+ denote peak positions
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sp e c t ru m  to th e  o rig inal s p e c t ru m ,  1 H - 1 3 C cou p l in g  a n d  t h u s  th e  e x i s t e n c e  of a  C-H 
b o n d  m a y  b e  d e m o n s t r a t e d  (F ig u re  2-15A). F u r th e rm o re ,  c o n ta c t  d i s t a n c e s  m a y  b e  
c a lc u la te d  for c o u p le d  r e s o n a n c e s  u s in g  so l id -s ta te  tw o -d im en s io n a l  ^3 C  MAS nm r. T h e  
ca lc u la ted  C-H d is ta n c e  of  1 .15  a n g s to m s  p ro d u c e s  a  sa t is fac to ry  m atch  of th e  m odel  with 
th e  o b s e r v e d  C-H c o u p l in g  (F igu re  2-16).  U sing  this b o n d  leng th  a n d  p ro jec t in g  th e  
h y d ro g e n  a lo n g  th e  p r inc ipa l  a x is  of th e  m o le c u le ,  a  c o n ta c t  d i s t a n c e  of 2 .7  A w a s  
d e te rm in e d  for H8  a n d  0 1  of th e  c lo s e s t  ne ighboring  m olecu le .
C o m p a r e d  with t h e  u n c o m p l e x e d  o r th o f o r m a m id e ,5 2  t h e  rad ia l  C -N  b o n d s  a r e  
u n c h a n g e d ,  within e x p e r im e n ta l  e r ro r .  T h e  N -C -N  b o n d  a n g le  is a p p ro x im a te ly  4° 
sm a l le r  fo r  th e  c o m p l e x e d  o r th o fo rm a m id e ,  w h ich  m ay  in d ic a te  n i t ro g e n  lo n e  p a ir  
re o r ien ta t io n  to i n c r e a s e  orbital o v e r la p .  T h e  d is so c ia t io n  of 6  in D M S O  is c o n s i s t e n t  
with t h e  s t r u c tu r a l  in d i c a t io n s  in th e  s o l i d - s t a t e  t h a t  t h e r e  is o n ly  a  w e a k  
l ig a n d - to -m e ta l  in te r a c t io n .
S ince  6  is only so lu b le  in DM SO a n d  is very  o x y g e n  s e n s i t iv e  in so lu t ion , the  so lution 
nm r s p e c t r a  w e re  d o n e  in dg -D M S O  u n d e r  v a c u u m .  T h e  c o m p le x  d o e s  n o t  sh o w  s ig n s  of 
oxidation in th e  s e a l e d  t u b e s  o v e r  a  f ive-w eek p e r io d .  H o w ev e r ,  d isso c ia t io n  o c c u r s  a n d  
oxidation of  th e  f re e  l igand  to th e  tricyclic g uan id in ium  sa l t  is o b s e r v e d  (E qua tion  2-2). 
C o m p le x e d  a n d  u n c o m p le x e d  ligand  a s  well a s  th e  tricyclic guan id in ium  a r e  o b s e r v e d  in 
th e  1 3 C  n m r  s p e c t r a  of 6  in DM SO. T h e  re la tive  p o p u la t io n s  of e a c h  in t h e s e  s a m p le s  
c h a n g e d  with tim e (F ig u re  2 -4 ) (T a b le  2-1). T h e  f re e  l ig a n d  a n d  g u a n id in iu m  s a l t  in 
dg -D M S O  a r e  a s s ig n e d  by  c o m p a r i s o n  with k n o w n  s a m p le s  u n d e r  the  s a m e  co n d it ions .  
T h e s e  a r e  fu r ther  c o n f i rm e d  by 1 H nm r (F igure  2 -3 ) (T ab le  2-2). (D M S O ) 3 M o ( C O ) 3  
carbonyl r e s o n a n c e s  a r e  a s s ig n e d  by  c o m p a r iso n  with th o s e  fo rm ed  by th e  d isso lu tion  of 
( a c e to n i t r i le ) 3 M o (C O ) 3  in dg -D M S O . T h e  sh if ts  of the  ace to n i t r i le  a r e  t h o s e  o b s e r v e d  
in dg -D M S O  a n d  th e re fo re  the  acetonitr i le  is a s s u m e d  to be  d is p la c e d  by th e  solvent.
8 8
Figure  2 -1 6
Section plot through the 96 ppm 13C resonance of 6 in the solid-state 2-D MAS nmr. 
A) observed section B) calculated section using a 1.145 A C-H contact
B)
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T a b le  2-1
R ela t ive  p o p ulation  of 6 . O rth o fo rm am id e  a n d  G uan id in ium  in dg -D M S O  at time 1 a n d  2 
a s  d e te rm in e d  b y 1 3 c  nm r.
l ime, ,1 T im e  2 a s s ig n m e n t
0 . 2 0 . 2 5 6 b a s e d  on  B -£ H 2  p e a k  height
1 . 0 1 . 0 o r th o f o r m a m id e
0 . 2 6 0 . 6 1 g u an id in iu m  sa l t
0 . 2 0 0 . 2 6 6 b a s e d  on  a - Q H 2 p e a k  height
1 . 0 1 . 0 o r th o f o r m a m id e
0 . 2 3 0 . 5 6 gu an id in iu m  s a l t
0 . 2 0 . 2 6 b a s e d  on £ H  p e a k  height
1 . 0 1 . 0 o r th o f o r m a m id e
gu an id in iu m  sa l t
T a b l e  2-2
R e la t ive  p o p u la t io n s  of 6 . O r th o fo rm am id e  a n d  G uan id in ium  in d g -D M S O  a t  time 1 a n d  2 
a s  d e te rm in e d  bv 1H n m r .
T im e 1 T im e  2 a s s ig n m e n t
6  b a s e d  o n  6 H (1 .9  pp m  mult.)
1 . 0  1 . 0  o r th o f o r m a m id e  of g uan id in ium  a n d  th e  6 H
0 . 2 5  1 .1  g u a n id in iu m  (2 .05  p p m  tr ip le t  of
do u b le ts )  of o r th o fo rm a m id e
9 0
T h e  rem ain ing  r e s o n a n c e s  a t  2 2 .8 1 ,  5 2 .4 8 ,  9 5 .1 2  a n d  2 3 0 .4 0  p p m  c a n  b e  a s s i g n e d  to 
th e  13-methylene, a - m e th y le n e ,  m eth iny l a n d  ca rb o n y l  c a r b o n s  re sp ec t iv e ly .  T h e  low 
in tensity  of th e  methinyl c a rb o n  is ex p la in ed  by the  low co n c e n tra t io n  of c o m p le x  a n d  the 
low sensitiv ity  of  o r th o a m id e  c a r b o n s .  O xida tion  of o r th o fo rm a m id e  in D M S O  in the 
a b s e n c e  of m o ly b d e n u m  w a s  con firm ed  by a  four-fold c h a n g e  in re la tive c o n c e n tra t io n  of 
g u a n id in iu m  with  r e s p e c t  to  o r th o fo rm a m id e  o v e r  e ig h t  d a y s  {F igure  2 -1 7 ) .  T h e  
a b so lu te  ra te  of oxidation of th e  o rtho fo rm am ide  in D M SO  w a s  not d e te rm in e d .
T h e  im m ed ia te  d issoc ia t ion  of m uch  of c o m p lex  6  in DM SO  a n d  th e  p e r s i s t e n c e  of 6  in 
so lu tion  a f te r  five w e e k s  ind ica te  a  d is so c ia t io n  equilibrium is r e a c h e d .  T h e  additional 
i r reve rs ib le  ox id a t io n  to form th e  g u an id in iu m  p ro d u c t  im pa irs  th e  o b s e r v a t io n  of this 
p r o c e s s  o v e r  long pe r iods  a t  c o n s ta n t  co n cen tra t ion .  H ow ever ,  the  co n c e n tra t io n  c h a n g e s  
a r e  minimal in th e  first tw o w e e k s  a n d  th e  relative p ro p o r t io n s  of l igand to c o m p le x  a re  
a p p ro x im a te ly  c o n s t a n t  (4:1) by 1 3 C nmr. A s  the  a b s o lu te  c o n c e n tra t io n  is u nknow n , 
th e  v o lu m e  of s o lv e n t  d istilled  into t h e  tu b e  a n d  th e  m a s s  of th e  s a m p l e  w e r e  not 
m e a s u r e d ,  th e  e s t im a tion  of Ke q  from this d a ta  is not p o ss ib le .  T h e  low c o n c e n tra t io n  of 
c o m p le x  a n d  th e  o v e r la p  of its 1 H nm r with t h o s e  of o r th o fo rm a m id e  a n d  g u an id in ium  
m a k e  th e  1 H n m r  s p e c t ru m  difficult to a s s ig n .  T h e  m ultip lets  a t 2 .85 ,  2 .3  a n d  2 . 2  ppm 
h a v e  b e e n  a s s ig n e d  to the  com plex  .
2) A s with 6 , t r i a z a c y c l o d o d e c a n e - o r t h o f o r m a m i d e  tu n g s te n (O )  t r ic a rb o n y l ,  7 ,  only 
d is s o lv e s  in D M SO . Unlike 6 , no  e v id e n c e  for intact 7  is o b s e r v e d  in solution. T h e  facile 
d is so c ia t io n  of th e  o r th o fo rm a m id e  from tungsten(O ) is u n u s u a l  for tu n g s te n  c o m p le x e s  
a n d  in d ic a te s  u n u su a l ly  p o o r  orbital o v e r la p .  T h e  so l id - s ta te  in fra red  s p e c t r u m  of 7 is 
s im ilar  to th a t  o f  6  with th e  C O  s t re tc h in g  b a n d s  a t  1 8 9 5 ,  1 7 7 5 s h ,  1 7 5 0  a n d  1904 ,  
1 7 8 5 s h ,  1 7 6 3  c m ' 1 r e sp ec t iv e ly .  T h e  e le m e n ta l  a n a ly s i s  of 7  is c o n s i s t e n t  with tha t  
of th e  m o n o h y d ra te .
3) T h e  re la t ive ly  low stab ili ty  to r e d u c t io n  o f  Pd(ll)  in so lu t io n  a n d  th e  re d u c t iv e
po ten tia l  of th e  o r th o fo rm a m id e 5  expla in  the  form ation  of pa llad ium  m eta l.  T h e  reaction
s e e m s  to b e  very  fa s t  in benzonitr i le  a n d  in w ater .  T h e  form ation of Pd-N
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A and B are spectra of a sealed sample 
of [12]aneN3-orthofomuuiude in d^-DMSO, 
A was observed eight days after B.
0.94 5,8 2.8 2.5
0.1
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b o n d s  would b e  e x p e c te d  to s tab ilize  th e  methinyl C-H b o n d .  H ow ever ,  th e  rap id  ra te  of 
red u c t io n  in d ic a te s  th a t  e i th e r  no b o n d  stab iliza tion  is rea l iz ed  o r  th e  b o n d s  d o  not form. 
If th e  reduc tion  is very  fa s t  th e  c o m p lex a t io n  is unlikely to c o m p e te .  8  m a y  b e  v iab le  if 
th e  pallad ium  is c o m p le x e d  in a n o th e r  ox idation  s ta te  a n d  th e n  r e d u c e d  o r  ox id ized  to the  
P d ( l l ) .
4) A n g le s  a r o u n d  th e  m o ly b d e n u m  a to m  of 9  a r e  c o m p r e s s e d  a s  in 6 , with N-Mo-N at 
5 8 .8 (1 )°  a n d  C -M o-C  ra n g in g  from 8 1 .0 (2 )  to  8 6 .3 (3 )° .  T h e  a v e r a g e  Mo-N b o n d  
d i s t a n c e  is 2 .3 5 5 (4 )  A, slightly s h o r te r  t h a n  t h o s e  in c o m p le x  6.  Of s p e c ia l  in te re s t  is 
t h e  m e th in y l  to  m e th y l  c a r b o n  (C 8 -C 9 )  d i s t a n c e  of 1 .5 2 (1 )A .  T h e  s o l id - s t a t e  
s t r u c tu r e  of t r i a z a c y c lo d o d e c a n e - o r th o a c e t a m id e  m o l y b d e n u m (0) tr ica rbony l,  9 , s h o w s  
bo th  an  i n c r e a s e  in th e  n i t ro g e n -b r id g e h e a d  c a rb o n  b o n d  leng th  a n d  a  d e c r e a s e  in th e  
b r i d g e h e a d  c a r b o n - m e t h y l  c a r b o n  b o n d  l e n g th  a s  c o m p a r e d  w ith  t h e  p a r e n t  
t r a n s .t r a n s .t r a n s  o r t h o a c e t a m i d e . 5 9  T h e  in c r e a s e  in radial C -N  b o n d  leng th  is 0 .0 4  A 
a n d  the  d e c r e a s e  in the  C -C H 3  bo n d  length  is 0 .05  A. T h e s e  c h a n g e s  a r e  c o n s is te n t  with a  
r e d u c t i o n  in t h e  n e g a t i v e  h y p e r c o n j u g a t i o n  e f f e c t  a n d  in d i c a t e  s i g n i f i c a n t  
m e ia l - o r th o a c e t a m id e  in te ra c t io n .  T h e  s t ru c tu ra l  e f f e c ts  of th e  i n c r e a s e d  e le c t ro n  
d e n s i ty  on  th e  m o ly b d en u m  m a y  b e  s e e n  in th e  in c re a s e d  b a c k -b o n d in g  to th e  carb o n y ls .  
T h e  Mo-C b o n d  is 0 .0 3  A s h o r te r  a n d  th e  C O  b o n d  is 0 .0 4  A lo n g er  for 9  th an  for 6 
(F ig u re  2-18).  T h e  solubility of 9  is c o m p a r a b le  with 6  a n d  th e  p a c k in g  of 9  a l l o w s  
for in te rac tion  of th e  m ethy l h y d ro g e n s  with ca rb o n y l  o x y g e n s  a t  a  c o n ta c t  d i s t a n c e  of 
2 .4  a n d  2 . 6  A (F igure  2-19). T h e  high lattice e n e rg y  of t h e s e  c o m p le x e s  m a y  b e  d u e  to 
t h e s e  s t ro n g  in te rm o le c u la r  fo rces .
F ig u r e  2 -1 8
A s th e  n itrogen  d o n a t io n  i n c r e a s e s  th e  b a c k -d o n a t io n  of th e  
m e ta l  to th e  n *  of the  ca rb o n y l  i n c r e a s e s  a n d  th e  C - 0  b o n d  is 
w eakened .
9 3
Figure 2 -1 9
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T h e  IR ex h ib its  C-H s t r e t c h e s  a t  2 9 5 0 ,  2 9 3 0  a n d  2 8 3 0  c n r r 1 a n d  C -O  s t r e t c h e s  at 
1 9 0 5 ,  1 7 8 0 s h  a n d  1 7 4 5  c m ' 1 . T h e s e  d a t a  a r e  c o n s i s t e n t  with th e  o b s e r v e d  C s 
s y m m e t ry  in th e  so l id - s ta te .
Unlike the  o r th o fo rm am id e  c o m p le x  of m o ly b d e n u m , 6 , th e  o r th o a c e ta m id e  c o m p le x  9 
d o e s  no t  d i s s o c ia te  in DM SO. After 2 8  d a y s  in so lu tion  u n d e r  v a c u u m  th e  1^ C  n m r  
s p e c t ru m  re m a in e d  u n c h a n g e d .  T h is  is c o n s is te n t  with th e  0 .04A  sh o r te r  a n d  a p p a ren t ly  
s t r o n g e r  N-Mo b o n d s  in 9  c o m p a r e d  with 6 . T h is  s u p p o r t s  th e  c o n c lu s io n  th a t  with 
r e s p e c t  to Mo(0) a t  le a s t  th e  o r th o a c e ta m id e  is a  su p e r io r  d o n o r  to th e  o r th o fo rm am id e .  
B o n d  length  is a  function of b o n d  s t r e n g th  a n d  s te r ic  fac to rs  s u c h  a s  l igand con form ation  
a n d  subs ti tu t ion .  C lose ly  re la te d  s t ru c tu re s  s u c h  a s  6  a n d  9  m ay  b e  c o m p a r e d  directly. 
F o r  m o re  g e n e r a l  app lica t ion  s e c o n d a r y  e f fec ts  d u e  to b o n d  s t r e n g th  c a n  b e  a  m o re  
r e l ia b le  in d ica tion  of re la t iv e  s t r e n g th .  T h e  c a rb o n y l  s t r e t c h in g  f r e q u e n c y  is a n  
e x a m p le  of s u c h  a n  effect.  For a  g iv en  m eta l  with fixed ox ida tion  s t a t e  a n d  substi tu t ion  
p a t t e r n  th e  c a rb o n y l  s t r e tc h in g  f r e q u e n c y  d e c r e a s e s  a s  t h e  N-M s t r e g th  i n c r e a s e s  
(F ig u re  2 -18 ) .  U s ing  th is  e f fec t ,  t h e  re la t ive  s t r e n g th  of th e  m o n o -  a n d  tri-cyclic 
l i g a n d s  u s e d  a r e  [1 2 ] a n e N 3  > M e 3 [ 1 2 ] a n e N 3  >  [1 2 ] a n e N 3 - o r t h o a c e t a m i d e  > 
( 1 2 ] a n e N 3 - o r th o fo rm a m id e  for g r o u p  6  t r i - c a rb o n y ls  (F ig u re  2 -2 0 ) .










T h e  1^ o  nm r s p e c t r u m  of 9  s h o w s  five p e a k s  w hich  in d ic a te s  a  C 3 V sy m m etry .  T h e
9 5
p e a k s  a r e  a s s ig n a b le  o n  th e  b a s i s  of ch e m ic a l  shift; -2 .8 2  p p m  for th e  m ethyl c a rb o n ,  
2 2 .3 4  p p m  for th e  fi-ring c a r b o n s ,  4 8 .6 0  p p m  for th e  a - r in g  c a r b o n s ,  9 3 .5 2  p p m  for 
th e  q u a t e r n a r y  c a r b o n  a n d  2 3 0 .6 0  p p m  fo r  t h e  c a rb o n y l  c a r b o n s .  T h e  1 H n m r  
s p e c t r u m  is c o m p l ic a te d  by  a  re la tive ly  la rg e  s o lv e n t  p e a k  a n d  b y  a  c o m p l ic a te d  
s p i n - s y s t e m .
5) T h e  1 3 C n m r  s p e c t r u m  o f  t r i a z a c y c l o d o d e c a n e - o r t h o a c e t a m i d e  tu n g s te n (O )  
t r ic a rb o n y l ,  1 0 ,  in D M S O  in d ic a te s  th a t  th e  c o m p le x  is in tac t  in so lu t io n .  A s with 
m o ly b d e n u m  tr ica rb o n y l  th e  o r t h o a c e t a m i d e  is s u p e r io r  to  t h e  o r th o f o r m a m id e  for 
tu n g s te n (O )  t r ic a rb o n y l .  C o n s i s t e n t  with t u n g s t e n  b e in g  m o r e  e le c t ro p h i l ic  th a n  
m o ly b d e n u m  th e  ch e m ic a l  shift o f  th e  m ethyl g r o u p  is 1.8 p p m  dow nfie ld  of th a t  in 9. 
This  s u g g e s t s  a  s t ro n g e r  m e ta l- l ig an d  in terac tion  which is s u p p o r te d  by th e  d e c r e a s e  in 
C O  s t r e tc h in g  f r e q u e n c y  from  1 9 0 5 ,  1 7 8 0 s h ,  1 7 4 5  in 9  to  1 8 9 5 ,  1 7 5 0  c m " 1 in 1 0 .
6 ) T h e  s o l i d - s t a t e  s t r u c tu r e  of t r i a z a c y c l o d e c a n e - o r t h o a c e t a m i d e  p a l la d iu m ( l l )  
d ic h lo r id e ,  11, (F ig u re  2-9) h a s  s e v e r a l  in te re s t in g  f e a tu r e s .  First, a l th o u g h  on ly  two 
n i t r o g e n s  in te ra c t  with th e  p a l lad iu m (l l )  t h e  e f fe c t  o n  th e  C -C H 3  b o n d  le n g th  is 
in d is t in g u is h a b le  from  th a t  of M o(0) in 9. S e c o n d ,  t h e  N -C -N  b o n d  a n g l e  for th e  
n i t ro g e n s  b o u n d  to th e  m e ta l  is m u c h  sm a lle r  for 11 th an  th e y  a r e  for 9, at 9 6 .0 °  a n d  
1 0 1 .2 °  r e sp e c t iv e ly .  Third, w hile  th e  q u a t e r n a r y  c a rb o n  to  n i t ro g en  b o n d  le n g th  for 
b o u n d  n i t ro g e n s  in c r e a s e s  by 0.07A up o n  c o m p le x a t io n ,  no b o n d  d istortion  is o b s e r v e d  
for th e  u n b o u n d  n itrogen a s  c o m p a r e d  with the  f ree  l igand . 5 9
R a t io n a l iz a t io n s  of t h e s e  o b s e r v a t io n s  c e n t e r  o n  orb ita l  o v e r la p  a n d  th e  e f fec t  of 
o v e r la p  o n  th e  o b s e r v e d  n e g a t iv e  h y p e rc o n ju g a t io n .  U pon  c o m p le x a t io n ,  t h e  ability of 
th e  n i t ro g en  lone  pa ir  to h y p e rc o n ju g a te  is r e d u c e d .  T h e  C -C H 3  b o n d  leng th  of 11 is
0.03A s h o r te r  th a n  in th e  t r a n s .t r a n s .t r a n s  o r t h o a c e t a m i d e  b u t  is in d is t in g u is h a b le  
from th a t  in 9. T his  im plies th a t  Pd(ll) r e d u c e s  e le c t ro n  availability  by b ind ing  only 
two n i t ro g e n s  a s  efficiently a s  M o(0) b in d s  th r e e .  T h is  is s u p p o r te d  by th e  o b se rv a t io n  
tha t  th e  th r e e  radial C-N b o n d s  in 9 a r e  1 .496  A while th e  two b o u n d  rad ia l C -N  b o n d s  
in 11 a r e  1 .519(5)  A a n d  th e  u n b o u n d  radial C-N b o n d  is 1 .450(6)  A. T h e  le n g th e d  
radial C-N  b o n d s  of 11 c o m p a re d  with 9 a re  c o n s i s t e n t  with r e d u c e d  b o n d  o rd e r  a n d  le s s
9 6
h y p e rc o n ju g a t io n .
T h e  th r e e  p o s s ib le  f a c to r s  for th is  i n c r e a s e d  in te rac tion  a re :  1) orbital s i z e ,  2 ) orbital 
d irec tion , a n d  3) orbita l  position . D u e  to th e  i n c r e a s e d  effective n u c le a r  c h a r g e  a n d  n e t  
c h a r g e ,  t h e  p a l lad iu m  fron tier  o rb i ta ls  a r e  s m a l l e r  th a n  t h o s e  of m o ly b d e n u m .  T h e  
e f fec t  o f  l e s s  d i f fu se  m e ta l  o rb i ta ls  is i n c r e a s e d  o v e r la p  with th e  s m a l l e r  n i trogen  
o r b i t a l s  (F ig u re  2 -2 1 ) .
F ig u re  2-21
A B
T h e  la rge r  metal orbita ls  of A limit th e  e f fec t ivness  of orbital over lap  
c o m p a re d  with tha t of th e  sm aller  m eta l  orbitals of B.
T h e  e ffec t of d e c r e a s in g  th e  N-C-N b o n d  a n g le  is th e  reo r ien ta t ion  of  lone  p a ir s  tow ard  
th e  m e ta l .  In 9  th e  N-C-N b o n d  a n g le  is 1 0 1 .2 °  w hile  in 1 1  it is 96 .0° .  This 
d is to r t ion  a l low s im p ro v e d  o v e r la p  (F igure  2 -2 2 ) a n d  is a  func tion  o f  b o n d  length  a s  
well a s  b o n d  s treng th .
P o l y d e n t a t e  l ig a n d s  a r e  m o s t  eff ic ien t w h e n  e a c h  d o n o r  orbital i n t e r a c t s  with a n  
a c c e p t o r  orbita l  w h ich  is o r th o g o n a l  to o t h e r  d o n o r  o rb i ta ls .  A lth o u g h  a n y  s e t  of 
o r th o g o n a l  m e ta l  o rb i ta ls  m a y  b e  c o n tr iv ed ,  a  c o m p le te  s e t  of o rb i ta ls  is sp h e r ic a l .  
P o ten t ia l  d o n o r s  w hich  a r e  too  c lo s e  in te rac t  with th e  s a m e  m e ta l  orbital a n d  th e re fo re  
h a v e  low er binding e n e rg y  p e r  bond.
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Figure 2 -2 2
A B
The deformation of the nitrogen lone-pair direction in B allows 
increased orbital overlap as com pared with the unperturbed structure 
of A.
In th e  c a s e  of d® m o ly b d e n u m  th e  op tim al position is a lo n g  a n y  of th e  th re e  principal
a x e s .  T h e  c e n te r  of th e  o r th o a c e ta m id e  m u s t  a p p ro a c h  a lo n g  the  m ag ic  a n g le  axis. In fact 
not on ly  a r e  a n y  two n i t ro g e n s  of t h e  o r th o a c e t a m id e  to o  c lo s e  to b e  p o s i t io n e d  o n  
s e p a r a t e  a x e s ,  but the  third nitrogen pulls  th em  ou t o f  t h e  p lan e  of t h o s e  a x e s .  In this 
c a s e  a  N-Mo-N b o n d  a n g le  in 9 of 5 8 .3 °  m ay  lead  to  a  15 .9°  dev ia t io n  from e a c h  ax is  
(F igure  2-23A ). H o w ever ,  th e  add it iona l  d istortion  c a u s e d  by th e  third n i trogen  orbital 
in te r a c t in g  with th e  m e ta l  i n c r e a s e s  t h e  d is to r t io n  to  a p p r o x im a te ly  2 0°  (F ig u re  
2-23B ). T h e  s q u a r e - p l a n a r  g e o m e try  of 11 d o e s  not p r e s e n t  th is  co m plica t ion  a n d  th e  
N -Pd-N  b o n d  a n g le  of 6 5 .8 °  m ay  b e  u s e d  directly to  e s t im a te  a  d e v ia t io n  of only 12°. 
T h e s e  v a lu e s  d o  not r e p re s e n t  the  ac tu a l  d irection of n i trogen  lone p a irs  b e c a u s e  the  lone  
pa irs  n e e d  no t b e  d ire c te d  directly to w ard  th e  m eta l c e n te r .  H ow ever,  th ey  d o  reflect an  
in h e ren t  a d v a n ta g e  of a  sm all  b id e n ta te  l igand  over  a  sm all  tr iden la te  l igand  with re s p e c t  
to e n e rg y  p e r  bond .
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T h e  d e c r e a s e  in t h e  N-C-N b o n d  a n g le  of 11 is a  re su l t  of twisting th e  n i t ro g en s  to 
a llow  im p ro v ed  o v e r la p .  Within a  s ix -m e m b e r  ring th e  e f fe c t  of d irec t ing  1 ,3-d iax ia l 
p o s i t io n s  to w a rd  e a c h  o th e r  is t h e  c o m p r e s s i o n  of th e  1 -2 -3  b o n d  a n g l e  a n d  th e  
e x p a n s io n  of th e  4 -5 -6  b o n d  a n g le  (F igure  2-24).
F ig u r e  2 -2 4
An in c re a s e  in N-C b o n d  length u p o n  com plexa tion  is p red ic tab le  b a s e d  o n  th e  nega tive  
h y p e rc o n ju g a t io n  m o d e l .  H o w ever ,  th e  lack of c o m p e t i t io n  for th e  an t ib o n d in g  orbital 
s e e m s  to h a v e  h a d  little effect on  th e  u n b o u n d  N-C interaction indicating th a t  th e  nega tive  
h y p e rc o n ju g a t io n  is add it ive .
T h e  so l id -s ta te  in fra red  s p e c t ru m  of 1 1  h a s  a  b ro a d  s t ro n g  p e a k  at 1 6 3 5  c m * 1 which 
is s im ilar  to th a t  s e e n  in the  fo rm am id in ium  sa l t  of th e  o r th o fo rm a m id e 4 . T h e  o b s e r v e d  
so l id -s ta te  s t ru c tu re  d o e s  no t ind ica te  th e  p r e s e n c e  of su c h  a  c o n ju g a te d  am id in ium  salt.
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If an  equilibrium  e x is t s  b e tw e e n  th e  o b s e r v e d  s t ru c tu re  a n d  a  b id e n ta te  am id in ium  sa l t  
a n d  th e  o b s e r v e d  s t ru c tu re  is f a v o re d  then  s u c h  a  b a n d  c o u ld  b e  a s s i g n e d  to  th e  m inor 
i s o m e r  (F ig u re  2 - 2 5 ) .
F ig u re  2 - 2 5
Pd
Pd
o b s e rv e d  isom er p o ss ib le  m inor isom er
S o lu t io n  nm r of 11 is c o n s i s t e n t  with C 3 V sy m m e try .  T h e  1 3 C n m r  s h o w s  fo u r  
r e s o n a n c e s  which m a y  b e  a s s i g n e d  on  th e  b a s i s  of c h e m ic a l  shift. F irst, t h e  m e thy l  
r e s o n a n c e  at 2 .45  p p m  is downfreld c o m p a r e d  with tha t  of its tu n g s te n  a n d  m o ly b d en u m  
a n a lo g s  1 0  (-1 .03 p p m )  a n d  9  ( -2 .81 ppm ) a n d  is e v e n  fu r th e r  do w n fie ld  c o m p a r e d  
with th a t  of th e  t r a n s .t r a n s .t r a n s  configura tion  of th e  f re e  o r th o a c e ta m id e .  T h e s e  1 3 C 
c h e m ic a l  sh if ts  a r e  c o n s i s t e n t  with  th e  i n c r e a s e  in e lec tro p h i l ic i ty  o f  th e  m e ta l s .  
S e c o n d ,  th e  8  c a r b o n s  a t  2 3 .2 6  p p m  a re  n e a r ly  u n a f fe c ted  by m eta l su b s t i tu t io n  a s  a r e  
the  a  c a r b o n s  at 4 9 .2 7  pp m . H o w ev e r ,  th e  q u a te rn a ry  c a r b o n  at 1 0 2 .1 4  p p m  is a f fec ted  
in the  s a m e  m a n n e r  a s  the  methyl c a rb o n .  T h e  chem ica l  shift of the  q u a te rn a ry  c a rb o n  is 
1 0 2 .1 4 ,  9 3 .5 5 ,  9 3 .2 6  a n d  8 5 .2 8  for 1 1 , 9 , 1 0  a n d  th e  f r e e  o r t h o a c e t a m i d e  
r e s p e c t i v e l y .
T h e  o b s e r v e d  C 3 V sy m m etry  in th e  1 3 C nm r is c o n s i s t e n t  with th e  o b s e rv a t io n  of an
a p p a r e n t  AMM'NN'X sp in  s y s te m  p lu s  an  ad d i t io n a l  s in g le t .  T h e s e  sp in  s y s t e m s  a r e  
ten a t iv e ly  a s s ig n e d  in T ab le  2-3 . Tw o striking c h a r a c te r i s t i c s  a r e  o b s e r v e d  in th e  1 H 
nm r s p e c t r u m .  F irs t ,  t h e  shift  o f  t h r e e  h y d r o g e n s  a t  3 .1 5  p p m  a n d  s e c o n d ,  t h e  
a p p e a r a n c e  of a  m u c h  m ore  c o m p l ic a te d  sp in  s y s te m  w hich  d o e s  no t e x c h a n g e  with th e
1 0 0
C 3 V sy s te m  o n  th e  3 6 0  MHz time sca le .  
T a b le  2-3




multiplicity coupling  c o n s ta n t  
fHzt
S 1.33 3.0 singlet
A 1 . 6 8 2.9 d o u b le t  of mult. 1 3 . 4 ( J a x ), ? ( J a n r i ' J a n )
M 2.45 >3 triplet of d o u b le ts 1 2 . 6 ( J n-|n , J m x ) , 3 . 8 2 ( J a m )
N 2.76 6 . 0 b ro a d  doub le t  of 1 2 . 1 ( J n m ) , 5 . 7 5 ( J n x )
dou b le ts ?<Jan)
X 3 .15 3.1 q u a r te t  of tr iple ts 1 2 . 7 ( J a x , J m x ) , 6 ( J n x )
A
PdCI2
T h e  solu tion  s t ru c tu re  of 1 1  will b e  c o n s id e re d  in two p a r ts .  T h e  C 3 V is o m e r  will b e
c o n s i d e r e d  first fo l low ed  by  a  br ie f  p r o p o s e d  e x p la n a t io n  of th e  e x t r a  1 H n m r  
r e s o n a n c e s .
A lthough  s q u a r e - p l a n a r  o n  a n  infinitely fa s t  t im e  s c a le ,  th e  f luxional b e h a v io r  for 
w h ich  pa llad ium (ll)  c o m p le x e s  a r e  k n o w n 5 ® e x p la in s  th e  o b s e r v e d  sy m m e try .  Unlike 
M e 3 [ 1 2 j a n e N 3 , t h e  o r t h o a c e t a m i d e  is re la t ive ly  rigid a n d  d o e s  n o t  h a v e  th e  
s te re o - re s t r ic t iv e  N -m ethyl g ro u p s .  T h e s e  d i f f e re n c e s  allow 1 1  to e x c h a n g e  n i t ro g e n s  
a s  in S c h e m e  1-4A while 4 co u ld  not. U sing this m o d e l  th re e  h y d r o g e n s  a r e  fo rced  to 
in te rac t  with th e  m e ta l .  T h e s e  a re  th e  ax ia l h y d r o g e n s  (X) on  th e  B-ring c a r b o n s  a n d
1 0 1
a r e  a s s ig n e d  a s  th e  downfie ld  multiplet. This  a rg u m e n t  is c o n s i s te n t  with th e  so l id -s ta te  
s t ru c tu re  of 11 (F ig u re  2-9) w hich  c lea r ly  s h o w s  a  s q u a r e - p l a n a r  p a l lad iu m (l l )  with 
a p p ro x im a te ly  C s  sy m m e try .
T h e  additional 1 H nm r r e s o n a n c e s  o b s e r v e d  a re  no t from d e c o m p o s e d  11 b e c a u s e  the  
1 3 C nm r w h ich  w a s  m e a s u r e d  a f te r  th e  1 H d o e s  no t s h o w  c o n t in u e d  d e g r a d a t io n .  
H o w e v e r ,  s o lu t io n s  of th e  f ree  o r t h o a c e t a m i d e  in p o la r  s o l v e n t s  c o n ta in  t h e  two 
c o n f ig u ra t io n s  t r a n s .t r a n s .t r a n s  a n d  c i s . c i s .t r a n s  bo th  of which  m a y  b e  e x p e c t e d  to 
r e a c t  with th e  pa llad iu m (l l ) .  T h e  c i s .c i s . t r a n s  c o m p le x  with p a l la d iu m  w o u ld  b e  
e x p e c te d  to s h o w  C s  sy m m etry  a n d  c a n  b e  a s s ig n e d  to  th e  add itiona l 1H nm r p e a k s .  T he  
lack of 1 3 c  e v id e n c e  m ay  b e  a  function of fluxional b e h a v io r  o r  th e  m is in te rp re ta t io n  of 
th e  sm all  u n a s s ig n e d  im purities in the  1 3 C nm r sp e c t ru m .
7) T h e  s h a r p ,  i n t e n s e  in f r a r e d  b a n d  of t r i a z a c y c l o d o d e c a n e - o r t h o f o r m a m i d e  
p la t in u m (IV )  t e t r a c h lo r id e ,  1 2 ,  a t  1 6 7 5  c m ‘ 1 a n d  its so lub ili ty  a n d  s t o i c h i o m e t r y  
imply th a t  th e  o r th o fo rm am id e  b e h a v e s  a s  a  b id e n ta te  ligand. U sing th e  m odel  p r o p o s e d  
for th e  16 3 5  c m '1  b a n d  of 11 (Figure  2-25), a s  a  bon d in g  m o d e l ,  a  d e fo rm a t io n  of the  
b o n d s  b e tw e e n  th e  methinyl c a rb o n  a n d  th e  n i t ro g en s  is e x p e c te d .  T h e  s h a r p ,  in te n s e  
b a n d  a t  1 6 7 5  c m '1  (F ig u re  2-26} is c o n s i s t e n t  with th is  m o d e l .  T h e  i n c r e a s e d  
in tensity  of th is  b a n d  c o m p a r e d  with tha t  of 1 1  m ay  b e  d u e  to a  shift in equilibrium with 
th e  s t r o n g e r  L ew is  ac id .  G iven  th e  s to ich io m e try  of 1 2 ,  if t h e  o r th o fo rm a m id e  w a s  
ac ting  a s  a  t r id e n ta te  ligand , o n e  of th e  c h lo r id es  w ould  not b e  in th e  first coo rd in a t io n  
s p h e r e .  T h e  low solubility of 1 2  a n d  inability to m e t a t h e s i z e  fu r th e r  s u p p o r t  th e  
b id e n ta te  m ode l .
1 2  is so lu b le  in c o n c e n t r a te d  perch lo r ic  acid , sulfuric ac id  a n d  p h o s p h o r ic  a c id  b u t  is 
not so lu b le  in hydrochloric  ac id .  T h e  addition  of 10%  by v o lu m e  of D 2 O  to p e rc h lo r ic  
ac id  s ign if ican tly  r e d u c e s  th e  solubility of 1 2 .  H o w ev e r ,  th e  c o n c e n t r a t io n  of 1 2  is 
su f f ic ien t  to  m e a s u r e  th e  1 3 c  nm r s p e c t r u m .  A l th o u g h ,  th e  solubili ty  of  1 2  is 
a p p a re n t ly  a  function of ac id  c o n c e n tra t io n  it m u s t  a lso  b e  a  function of ch loride
1 0 2

c o n c e n tra t io n .  T h e s e  o b s e rv a t io n s  a r e  c o n s i s t e n t  with a  sm all  d is so c ia t io n  c o n s t a n t  of 
c h lo r id e  f rom  p la t in u m  in ac id ic  m e d iu m .  T h e  ro le  of t h e  h y d ro n iu m  ion in th e  
solubility of 12 is u n c le a r .  H o w ev er ,  th e  similarity of th e  d ip r o to n a te d  o r th o fo rm a m id e  
an d  th e  l igand  in 12 with re s p e c t  to c h em ica l  shift a n d  sy m m e try  is c le a r  (T a b le  2-4).
T a b le  2 -4
13 C nmr ch e m ic a l  shifts o f  1 2 . O r th o fo rm a m id e  a n d  G u an id in iu m  in
a  d e u te r iu m  ox ide /  perch lo r ic  acid  solu tion
CHEMICAL SH IFTS (ppm)
G u an id in iu m  o r th o f o r m a m id e  1 2 _________
a s s ig n m e n t
b r id g e - h e a d  c a rb o n  1 5 1 . 6 7  1 5 6 . 0 5  1 5 6 . 2 1
a lp h a - r in g  c a r b o n s  4 9 . 8 1  5 7 . 2 7  6 1 . 7 1
5 4 . 2 3  5 8 . 2 7
4 6 . 2 8  4 6 . 1  1
b e ta - r in g  c a r b o n s  2 2 . 5 8  2 9 . 4 6  2 7 . 8 4
2 1 . 8 5  2 1 . 5 1
T h e  o r th o fo rm a m id e  is known to b e  d ip ro to n a te d  in hydrochloric  a c id  to from a  bicyclic 
a m m o n iu m  fo rm a m id in iu m  d ic a t io n  (F ig u re  2 -2 7 A ) .  T h e  1 3 C n m r  s p e c t r u m  of 
o r th o fo rm a m id e  in th e  D2 0 /p e rc h lo r ic  ac id  so lu t io n  d i s p la y s  C s  s y m m e try  w h ich  is
c o n s i s t e n t  with th is  s t r u c tu r e .  At l e a s t  in so lu t io n  th e  o r th o f o r m a m id e  m u s t  b e  
p r o to n a te d  a n d  is likely to b e  b id e n t a t e  (F igure  2 -2 7 B ) .  T h e  low  s ig n a l- to -n o is e  a n d  
the  u s e  of  a n  ex te rn a l  r e fe re n ce ,  D S S ,  ra ise  the  su sp ic io n  th a t  th e  l igand is d i s s o c ia te d  
a n d  th a t  t h e  c h a n g e  in ch em ica l  sh i f t s  a re  an  a r t ifac t  of th e  m e a s u r e m e n t  c o n d i t io n s .  
T he  so lv e n t  effec ts  w e r e  m inim ized by mixing th e  so lv e n t  in o n e  b a tc h .  T h e  u s e  of an 
ex te rna l  r e f e r e n c e  w a s  e x c lu d ed  a s  a  s o u rc e  of artificial c h e m ic a l  sh if ts  by c o m p a r i s o n  
of re p l ic a te  s p e c t r a  of a  s am p le .  Additional s u p p o r t  for c o m p le x a t io n  c o m e s  from th e  
a p p e a r a n c e  of  impurity p e a k s  a t sh if ts  a s s o c ia te d  with th e  free  l igand . O xida tion  of  the 
ligand b y  th e  p latinum  w a s  a lso  c o n s id e re d .  T h e  ch e m ic a l  sh ifts  o f  th e  g u an id in ium  salt 
in th is  s o l v e n t - s y s t e m  (T a b le  2 -4 )  a r e  c o n s i s t e n t  w ith  C 3 V s y m m e t r y  a r e
1 0 4
substantially different from those observed for 12 .
F ig u re  2 -2 7
+ CICI
A B
T h u s  th e  1 3 C n m r  c h e m ic a l  sh if ts  a r e  c o n s i s t e n t  w ith  c o m p l e x e d  l igand  b e in g  
p r o t o n a t e d  in so lu t io n .  H o w e v e r ,  th e  so lub il i ty  of 1 2  d e m o n s t r a t e s  th a t  s im p le  
p ro to n a t io n  d o e s  n o t  d e s c r ib e  its solution c h a r a c te r i s t i c s .  In p a r t icu la r ,  th e  e f fec t  of 
ch lo r id e  c o n c e n t ra t io n  on  solubility implies c h lo r id e  d is so c ia t io n  in so lu t io n .
Conclus ions  and Proposals for Future Research
T h e  tr icyclic  o r t h o a m i d e s  a r e  no t  a s  e f f e c t iv e  l i g a n d s  a s  t h e i r  m o n o c y c l i c  
c o u n t e r - p a r t s .  B a s e d  on  t h e  c a rb o n y l  r e g io n  o f  th e  in f ra re d  for m o ly b d e n u m (O )  
t r i c a r b o n y l  t h e  o r d e r  o f  l i g a n d  s t r e n g t h  is [ 1 2 ] a n e N 3 > M e 3 [ 1 2 ] a n e N 3  
> [ 1 2 ] a n e N 3 - o r th o a c e t a m i d e  > [1 2 ] a n e N 3 -o r th o fo rm a m id e .  S in c e  b o n d - le n g th  is a  
func tion  of b o n d  s t re n g th  a n d  s te r ic  fac to rs  s u c h  a s  ligand co n fo rm atio n  a n d  substi tu t ion , 
a  d i re c t  c o m p a r i s o n  of bo n d  s t r e n g th s  on  th e  b a s i s  of M-N b o n d  le n g th s  is not useful for 
t h e s e  two d iffe ren t  ty p es  of l ig a n d s .  Only c lo se ly  re la te d  s t ru c tu re s ,  like 6  a n d  9 ,  m a y  
b e  c o m p a r e d  d irec tly .  T h e  M-N b o n d s  in 9  a r e  0 .04A  s h o r te r  th an  in 6  a n d  c a n  b e  
a s s u m e d  to b e  s t ro n g e r .  For th e  g ro u p  6  m e ta l s  th e  o r th o a c e ta m id e  is a  m o re  effective 
l ig an d  a n d  is m o r e  s tab le .  T h e  rela tive stability of 11 c o m p a r e d  with th e  d e c o m p o s i t io n  
o b s e r v e d  in th e  s y n th e s i s  of 8  fu r ther  ind ica te  th a t  o r th o a c e ta m id e  is th e  o r th o a m id e  o f  
c h o i c e  for fu tu re  s tudy .
It m a y  b e  p o s s i b l e  to  s y n t h e s i z e  th e  o r th o fo rm a m id e  a n a lo g  of 11 by  the u s e  of  
P d ( l i ) C l 2 {NH 3 ) 2  to s tab il ized  th e  pa llad ium  to red u c t io n .  In a  similar m a n n e r  it m a y  
b e  p o s s ib le  to  s y n th e s i z e  t h e  pa l lad iu m  a n a lo g  of 1 2  w ith th e  a p p r o p r i a t e  an icillary  
l i g a n d s .  Initial w o rk  with n icke l( l l )  o r th o a m id e  c o m p l e x e s  g e n e r a t e d  in c o n c lu s iv e  
r e s u l t s  which s u g g e s t e d  h y d ro ly s is  of th e  l igand . T h e  in f ra re d  s p e c t r a  o f  1 1  a n d  1 2  
s h o w  similar f e a t u r e s  which m a y  b e  a t t r ibu ted  to th e  am id in iu m  salt.  F u r th e r  w ork  in 
th e  s y n th e s i s  of nickel(ll) c o m p le x e s  is th e re fo re  requ ired .  T h e  s t ru c tu re  of the  g r o u p  
10 o r th o a m id e  c o m p le x e s  with t h e  m o s t  i n t e n s e  16 0 0  to 1 6 7 0  c m * 1 b a n d s  sh o u ld  b e  
d e te r m in e d  to e s ta b l ish  the p r e s e n c e  of a b s e n c e  of the  am id in ium  moiety.
A s  with th e  t r i -N -su b t i tu te d  cyc lic  t r i a m in e s  th e  s te r ic  d e m a n d s  o f  t h e  tricyclic- 
o r th o a m id e s  limit th e  l igand -to -m eta l  s to ich iom etry .  In c a s e s  like 11 e x c e s s  ligand d o e s  
n o t  fu r th e r  c o o r d in a t e  the  pa l lad iu m (l l ) .  A ltho u g h ,  in th e  so l id - s ta te  s t r u c tu r e  of  11  
{F ig u re  2-9) th e  o r t h o a c e t a m id e  d o e s  not s e e m  to p roh ib it  th is  su b s t i tu t io n  th e  C 3 V
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s y m m e try  of 1 1  in so lu t io n  effec tively  m a k e s  t h e  l igand  t r id e n ta te  a n d  th e  c o m p le x  
p e n ta - c o o r d in a t e  in so lu tion .  Similarly, th e  s o l id - s ta te  s t r u c tu r e s  of 6  (F ig u re  2-4) 
a n d  9  (F igure  2-7) s h o w  th a t  th e  l igand p e n e t r a t e s  th e  p la n e  of t h e  m e ta l  w h ich  is 
p e r p e n d ic u la r  to  th e  pr inc ipa l  a x is  (F igure  C -1) .  T h e  s te r ic  c o n s t r a in t s  of th is  l igand  
m a y  p ro v e  u se fu l  in a l te r in g  t h e  ox id a t io n  p ro d u c t s  of th e  g r o u p  6  m e ta l s .  If the  
o r th o a m id e  c o m p l e x e s  o f  th e  o x id iz e d  m e ta l s  r e ta in  th e  l ig a n d  c o n f ig u ra t io n ,  th e  
fo rm ation  of s e v e n  c o o rd in a te  c o m p le x e s  sh o u ld  b e  limited. T h e  tw o-e lec tro n  ox idation  
of 1 of ten  p r o d u c e s  s e v e n - c o o r d in a te  c o m p le x e s .  T h e s e  c o m p le x e s  m a y  form by an  
in n e r - s p h e re  m e c h a n i s m  w h ich  w ould  req u ire  a  s e v e n - c o o r d in a te  trans it ion  s t a t e  o r  by 
a n  o u te r - s p h e r e  m e c h a n is m .  T h e  c o m p a ra t iv e  ox ida tion  r a t e s  of 1 a n d  9  m ay  p ro v e  to 
b e  very  d ifferent b e c a u s e  9  m a y  b e  limited to  a  o u te r - s p h e re  m e c h a n i s m .  T h e  po ten tia l  
r e q u i r e d  to  ox id ize  1 a n d  9  m a y  a l s o  b e  d iffe ren t  b e c a u s e  of th e  re la tive  stability  of 
th e ir  p ro d u c ts  c o m p a r e d  with th e  s ta rt ing  m a te r ia ls .
F ig u re  C-1
T h e  p a t te rn  of ring fus ion  m a y  a l s o  p lay  a n  im p o r tan t  role in th e  redox  c h em is try .  
T h e  effect of ring fusion o n  th e  stability of th e  ox id ized  p ro d u c ts  of 1 m a y  b e  d e te rm in e d  
by  oxidizing a  m ixture  of 1 A a n d  1 B to form th e  sv n  a n d  an ti  b r id g e d  c o m p le x e s .  The  
so lu t io n  1 3 C nm r s p e c t r a  of  th e  iso la te d  i s o m e r s  will in d ic a te  th e  specif ic ity  of  the
re ac t io n .  T he  an ti  i so m e r  m ay th e n  b e  i so m e r iz e d  for c o m p a r is io n  with t h e  sy n  iso m e r  
fo rm e d  by  th e  m ix tu re .  T h e  d i-N -m ethy l- [ 1 2 ] a n e N 3  c o m p le x  m ay  a l s o  b e  u sefu l  in
th is  d e te rm in a t io n  if it is f o u n d  to  form th e  c i s .c i s . t r a n s  a s  well a s  t h e  c i s . c i s .c i s  
c o n f ig u ra t io n .
T h e  b id e n ta te  n a tu r e  of the o r th o a m id e s  with ox id ized  g r o u p  10 m e ta l s  c o m p a r e d  with 
the ir  t r id e n ta te  c o o rd in a t io n  to  z e ro -v a le n t  g r o u p  6  m e t a l s  im plies  t h a t  t h e  s m a l le r  
d -o rb i ta ls  of th e  fo rm e r  p re fe r  tw o  s t ro n g e r  b o n d s  o v e r  t h r e e  w e a k e r  b o n d s .  S u c h  
b ond ing  m ay  b e  th e  resu lt  of th e  d irec tion  of t h e  o r th o g o n a l  a c c e p to r  o rb ita ls .  T h e  u s e  of 
f-block m e ta l s  is th e re fo re  a  log ica l next s t e p ,  for th e  a d d i t io n  of t h e s e  o rb i ta ls  w ould 
allow do n a t io n  into o r thogona l  o rb i ta ls  which a r e  not a t right a n g le s  to e a c h  o th e r .  U nder 
t h e s e  c o n d i t io n s  t h e  tricyclic o r th o a m id e s  m a y  a c t  a s  t r id e n ta te  l ig a n d s  in o x id ized  
f-m eta l c o m p le x e s  form ing th r e e  s t ro n g  b o n d s .
A l th o u g h ,  th e  o r th o a c e t a m i d e  is know n to  ex is t  in tw o  c o n f ig u ra t io n s  th e  only  
s o l id - s ta te  s t ru c tu re  d e te rm in e d  with a  b id e n ta te  o r th o a c e t a m id e ,  1 1 ,  c h o o s e s  the  all 
t r a n s  c o n f ig u ra t io n  a d o p te d  in t h e  t r id e n ta te  c o m p le x e s .  Efforts to  c o m p le x  th is  
po ten tia lly  bridging ligand in th e  c i s .c i s .t r a n s  c o n fo rm e r  s h o u ld  include th e  u s e  of g ro u p  
6  t e t r a - c a r b o n y l s  o r  g ro u p  8  t r i -c a rb o n y ls .  C o m p le x e s  o f  th is  ty p e  c o u ld  a l s o  b e  
s y n th e s iz e d  u s ing  th e  o r th o p ro p a m id e  which is b ia s e d  to w a rd  th is  co n fo rm er .
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Experimental
E x p e r im e n ts  d o n e  u n d e r  n i trogen  w e r e  c a r r ie d  ou t u s in g  s t a n d a r d  S c h le n k  t e c h n iq u e .  
T H F  a n d  DME w e re  t r e a te d  with ca lc ium  h ydr ide  a n d  th e n  distilled u n d e r  n i trogen  from 
s o d iu m  b e n z o p h e n o n e  ketyl.  M e th y le n e  c h lo r id e  a n d  h e x a n e  w e r e  d is t i l led  u n d e r  
n i t ro g e n  from  c a lc iu m  h y d r id e .  O le f in s  w e r e  r e m o v e d  from  d e c a l in  by c o lu m n  
c h ro m o to g ra p h y  with a lum ina . T h e  deca lin  w a s  th en  d e g a s s e d  a n d  d r ied  o v e r  ac t iv a ted  4  
A m o le c u la r  s i e v e s .  T h e  following r e a g e n t s  w e re  u s e d  w ithout fu rther purification from 
th e  s o u r c e s  n o te d :  A .C.S. certif ied  g r a d e  aceton itr i le  a n d  a n h y d ro u s  so d iu m  su lfa te  from 
F i s h e r  S c ien tif ic ;  m o ly b d e n u m  h e x a c a r b o n y l ,  c h ro m iu m  h e x a c a r b o n y l  a n d  tu n g s t e n  
h e x a c a r b o n y l  from  Alfa p r o d u c t s ;  p la tin ic  a c id  o n  loan  from  J o h n s o n  M a t th e y  a n d  
b e n z o n i t r i le  (9 9 %  B 8 9 5 -9 )  a n d  t e c h n ic a l  g r a d e  c y c lo h e p ta t r i e n e  ( 9 0 %  C 9 ,9 2 0 -5 )  
w e r e  from Aldrich.
T h e  m on o cy c l ic  ligand, [1 2 ] a n e N 3 , w a s  s y n th e s iz e d  by  tw o different m e th o d s :  m e th o d  
o n e  w a s  t h e  c y c lo iz a t io n  of  1 ,5 ,9 - t r i t o s y l - 1 , 5 , 9 - t r i a z a n o n a n e  w ith  1 ,3 - p r o p a n e  
d i t o s y l a t e  f o l lo w e d  b y  d e t o s y l a t i o n ;5 4  m e th o d  tw o  is th e  h y d r o ly s i s  of  t h e  
o r th o f o r m a m id e  with 6 N H C I . 4 9  Me3 [ 1 2 ] a n e N 3  w a s  s y n th e s i z e d  by  th e  r e d u c t iv e  
m e th y la t io n  o f  th e  o r th o fo rm a m id e  with form ic  a c id /  f o r m a ld e h y d e .5 °  T h e  tricyclic 
ligand , [1 2 ] a n e N 3 o r th o fo rm am id e  w a s  s y n th e s iz e d  by two d ifferen t m e th o d s :  m e th o d  o n e  
w a s  a c c o m p l i s h e d  b y  a d d i n g  t h e  fo rm y l  e q u i v a l e n t  d i m e t h y l f o r m a m i d e  
d i m e t h y l a c e t a l 1 -2 -4  to [1 2 ] a n e N 3  a n d  th e  s e c o n d  m e th o d  is t h e  cy c lo -a d d i t io n  of
1 ,3 - d ib r o m o p r o p a n e  to  1 ,5 ,7  t r i a z a b y c y c lo [ 4 ,4 ,0 ] d e c - 5 e n e  fo l low ed  b y  r e d u c t io n  of 
t h e  g u an id in iu m  ion fo rm e d 5 1  with lithium a lu m in u m  h ydr ide .  T h e  o r th o a c e ta m id e  w a s  
s y n t h e s i z e d  by  a d d in g  t h e  a c e ty l  e q u iv a l e n t  d i m e th y la c e t a m id e  d im e th y la c e t a l  to  
[12]aneN3.1 <2>4
C y c l o h e p t a t r i e n e  m o l y b d e n u m  t r i c a r b o n y l 5 9  w a s  s y n t h e s i z e d  by re a c t in g  1 5 g  of 
m o ly b d e n u m  h e x a c a r b o n y l  with 11g of c y c lo h e p ta t r i e n e  in 50m l of reflux ing  h e x a n e
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u n d e r  n i trogen . After 4 8  h o u rs  th e  so lv en t  w a s  re m o v e d  a n d  th e  solid  w a s  su b l im ed .  T h e  
m o r e  v o la t i l e  m o l y b d e n u m  h e x a c a r b o n y l  w a s  r e m o v e d  f irs t  f o l lo w e d  by  t h e  
c y c l o h e p t a t r i e n e  c o m p le x .  T u n g s te n (O )  a n d  c h ro m iu m (O )  c o m p l e x e s  a r e  m o r e  
su b s ti tu t iona lly  inert t h a n  th o s e  of m o lybdenum (O ).  C y c lo h e p ta t r i e n e  is no t  s t a b le  at 
th e  c o n d i t io n s  req u ired  for th e  e ffec t ive  d irec t  s y n th e s i s  of the ir  c y c lo h e p ta t r ie n e  m e ta l  
t r ic a rb o n y l  c o m p l e x e s  s o  th e  t r i - a c e to n i t r i l e  m e ta l  t r ic a rb o n y l  is u s e d  a s  a n  
in te rm e d ia te .  T u n g s te n  h e x a c a rb o n y l  {5.7g) in a ce to n i t r i le  (25ml) w a s  re f luxed  u n d e r  
n itrogen  for 7 2  h o u rs .  All of th e  t u n g s te n  c o m p le x  w a s  d is s o lv e d  a t  th is  t im e . T h e  
s o lv e n t  w a s  r e m o v e d  u n d e r  v a c u u m .  T h e  tr i-ace ton itr i le  t u n g s t e n  tr ic a rb o n y l4 2  w a s  
re c ry s ta i l i z e d  from  reflux ing  h e x a n e  w h ich  w a s  c o o l e d  to -7 8 ° C .  T r i -a c e to n i t r i le  
t u n g s te n  t r ica rbony l (2 .7g )  w a s  r e a c t e d  with 7ml c y c lo h e p ta t r i e n e  in 50m l of h e p t a n e  
a t  reflux u n d e r  n itrogen . T h e  c y c lo h e p ta t r ie n e  tu n g s te n  t r ica rbony l4 1  >55 w a s  co l lec ted  
a n d  p u r if ied  by th e  m e th o d  u s e d  for th e  m o ly b d e n u m  c o m p le x .  T r ia c e to n i t r i le  
c h ro m iu m  t r ic a rb o n y l4 2  w a s  s y n th e s i z e d  by re a c t in g  3 .8 g  of c h ro m iu m  h e x a c a rb o n y l  
with 25m l ace to n i t r i le  for 1 2  h o u rs  a t  reflux t e m p e r a tu r e  u n d e r  n i t ro g e n .  T h e  yellow  
tr iacetonitrile  w a s  filtered from th e  s o lv e n t  a t  -78°C  a n d  d r ie d  u n d e r  v a c u u m .  W ithout 
fu r the r  p u rif ica t ion  th e  t r iace ton itr i le  c h ro m iu m  tr ica rb o n y l  w a s  r e a c t e d  with 5m l of 
c y c l o h e p t a t r i e n e  in 1 5m l of h e p t a n e  a t  reflux t e m p e r a t u r e  u n d e r  n i t ro g e n .  T h e  
c y c lo h e p ta t r i e n e  c h ro m iu m  t r ic a rb o n y l4 0  w a s  c o l le c te d  a t  -78°C  by filtration a n d  d r ied  
u n d e r  v a c u u m .  T h e  c o m p le x  w a s  purified  by th e  m e th o d  u s e d  for th e  m o ly b d e n u m  
com plex .
P a l l a d i u m ( l l )  d i c h l o r i d e  b i s b e n z o n i t r i l e 5 7  w a s  s y n t h e s i z e d  by  d i s s o lv in g  
p a l lad iu m (l l )  d ich lo r ide  in b e n z o n i t r i le .  T h e  ye llow  so l id  w a s  c o l l e c t e d  by g rav i ty  
filtering th e  b enzon itr i le  so lu t ion  th o u g h  filter p a p e r  into h e x a n e .  N ear ly  q u a n t i ta t iv e  
y ie ld s  of  pa l lad iu m (l l )  d ich lo r id e  b isb e n z o n i tr i le  w e r e  c o l le c te d  a f te r  v a c u u m  dry ing . 
No fu r th e r  p u rif ica t ion  w a s  n e e d e d .  T h e  d i m e t h o x y e t h a n e  n icke l( l l)  d ib r o m id e 5 8  
c o m p le x  w a s  s y n t h e s i z e d  from  nickel(O) (6 g) a n d  b r o m in e  (1 6 .9 6 g )  in 8 0 m l of 
freshly  p r e p a r e d  d im e th o x y e th a n e .  T h e  b ro m in e  w a s  a d d e d  o v e r  two h o u r s  th e n  th e  
mixture w a s  refluxed for th r e e  hours .  T h e  e x c e s s  nickel w a s  re m o v e d  with a  m a g n e t  a n d  
the  p ro d u c t  co llec ted  by filtration at room  te m p e ra tu re .  T h e  b lue  solid  w a s  dried  u n d e r  
v a c u u m  to  y ield  th e  m o n o -d im e th o x y e th a n e  co m p lex  in 5 1 %  yield.
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S e a le d  nm r s a m p le s  w e r e  p r e p a r e d  by fusing a  n m r  tu b e  to a  p y re x  4 m m  tu b e  which 
fit sn u g ly  in s id e  th e  tu b e  a n d  w a s  c o n n e c te d  to  a  2 4 /4 0  g ro u n d  g l a s s  joint. T h e  a d d e d  
s u p p o r t  of th e  py rex  t u b e  within t h e  nm r tu b e  s im plif ied  th e  s e a l in g  s t e p .  T h e  nm r 
t u b e s  with t h e  a d a p t e d  jo in t  w e r e  h e a t e d  in a n  o v e n  a t  1 1 0 -1 2 0 ° C  for m o re  th a n  8  
h o u rs .  S a m p le  w a s  a d d e d  to  th e  nm r tu b e  directly , t h e  tu b e  w a s  th e n  c o n n e c t e d  to a  
distillation b u lb  which c o n ta in e d  d e u te r a t e d  s o lv e n t  a n d  ca lc ium  hydride . T h e  a p a r a tu s  
w a s  e v a c u a te d  to  th e  v a p o r  p r e s s u r e  of th e  so lven t  for se v e ra l  m in u te s  then  th e  s to p c o c k  
w a s  c lo sed .  T h e  bulb  w a s  h e a t e d  using hea ting  t a p e  c o n n e c te d  to  a  v a r ia c  to  a  sub-boiling 
point with n o t iceab le  c o n d e n s a t io n  in th e  u n h e a te d  n m r  tu b e .  T h e  t a p e  w a s  r e m o v e d  a n d  
th e  so lv e n t  a l lo w ed  to coo l.  T h e  nm r tu b e  w a s  p l a c e d  in liquid n i trogen  to  p ro te c t  th e  
s a m p le  a n d  to k e e p  th e  v a p o r  p r e s s u r e  from  rising a s  th e  t u b e  w a s  s e a l e d  with a  
p ro p a n e /o x y g e n  f lam e.
60  MHz 1 H n m r  s p e c t r a  w e re  re c o rd e d  on  a  V arian  EM 360A  s p e c t r o m e te r .  90  MHz 
1 H a n d  2 2 .5  MHz 13 C nm r s p e c t r a  w e re  re c o rd e d  o n  a  JE O L  F X 9 0 Q  s p e c t ro m e te r .  3 6 0  
MHz 1 H, 90  MHz 1 3 C a n d  all tw o-d im ensiona l  so lu tion  nmr s p e c t r a  w e re  r e c o r d e d  on  a  
B ru k e r  AM 3 6 0  s p e c t r o m e te r .  S o l id - s ta te  n m r  s p e c t r a  w e r e  c o l l e c te d  o n  a  B ruker  
C X P -2 0 0  s p e c t r o m e te r  o p e r a t e d  a t  5 0 .33M H z. S e a l e d  nm r s a m p l e s  w e re  r e f e r e n c e d  to 
t h e  d e u t e r a t e d  so lven t ,  d g -D M S O  for th e  1 3 C  n m r  s p e c t r a  in s te a d  of th e  s ign if ican t d s
a n d  d s - D M S O  for th e  1 H nm r s p e c t r a .  D2 0 /p e r c h lo r i c  a c id  s o lv e n t  s y s t e m  w a s  
r e f e r e n c e d  to  a n  ex te rn a l  D S S  in D2 0 /p e rch lo r ic  a c id  solution. In fra red  s p e c t r a  w e re  
re c o rd e d  o n  a  Perkin E lm er 2 8 3 B  s p e c t ro m e te r .  E le m e n ta l  a n a l y s e s  w e re  p re fo rm e d  at 
t h e  U niversity  of  N ew  H a m p s h i r e  In s t ru m e n ta t io n  C e n t e r  u s in g  a  P e rk in  E lm e r  24 0 B  
E le m e n ta l  A n a ly s e r .  U ltra -v io le t /V is ib le  s p e c t r a  w e r e  r e c o r d e d  o n  a  C a r y  2 1 9  
s p e c t r o m e t e r  a n d  V is ib le /N e a r - in f ra re d  s p e c t r a  w e r e  r e c o r d e d  on  a  S L M -A m in co  
D W -2 0 0 0  s p e c t r o m e t e r .  X -ray  s t ru c tu re  w e r e  d e t e r m i n e d  a t  N R C  u s in g  a  N o n iu s  
d i f f r a c to m e te r  in th e  t h e t a / 2 t h e t a  m o d e .  F a r a d a y ' s  B a l a n c e  m e a s u r e m e n t s  w e r e  
p e r fo rm e d  a t  C la rk  U niversity .
T r i a z a c v c l o d o d e c a n e M o l v b d e n u m ( Q ) T r i - j c a r b o n y l , 1 .  (T y p ic a l  r e a c t i o n  
c o n d i t i o n s  a r e  t h o s e  o f  r e a c t io n  0 1 0 5 8 8 0 1 . )  T o  3 .9 1 g  (1 4 .4  m m o le )  o f  f r e s h ly  
p r e p a r e d  ( C H T )M o (C O ) 3  u n d e r  n i t ro g en  w a s  a d d e d  20 ml of distilled h e x a n e .  T h e  
m ix tu re  w a s  h e a t e d  to reflux  to  d i s s o lv e  all of t h e  (C H T )M o (C O )3 - T o  th is  so lu tion  
2 .3 4 g  (1 3 .7  m m o le )  of [1 2 ] a n e N 3  w a s  a d d e d  with stirring . After tw o  m in u te s  t h e  
s o lu t io n  w a s  c o o le d  slightly a n d  filtered using  a  g l a s s  frit. T h e  yellow p re c ip i ta te  w a s  
w a s h e d  with 100  ml of h e x a n e  a n d  v a c u u m  dried. An a m o u n t  of 3 .35g  (9 .5  m m ole) of 1 
w a s  c o l le c te d  for a  7 0 %  yie ld . IR: N-H 3 2 7 5  c m ' 1 C -H  2 9 2 0 ,  2 8 5 0  c m - 1  C - 0  
1 8 9 2 ,  1 7 5 7 ,  1 7 2 2  c m ' 1 E l e m e n t a l  A n a l y s e s  ( o b s e r v e d / c a l c u l a t e d  fo r
C i 2 H 2 i N 3 M o 0 3 ): N% 1 1 -77 /1 1 .96  C %  4 1 .4 1 /4 1 .0 3  H% 6 .1 3 /6 .0 3  1 H nmr: 1 A
1 .2 5 ,  1 .80 , 2 .0 1 ,  2 .5 ,  2 .7 2 ,  3 .2 5 ,  4 .7 9 ;  1 B 1 .5 5 ,  1 .74, 2 .5 ,  2 .75 ,  4 .6 5  p pm  1 3 C 
n m r:  1 A 2 3 .4 7 ,  2 5 .1 1 ,  4 5 .6 3 ,  5 1 .0 1 ,  5 1 .4 6 ,  2 2 6 .6 7 ,  2 2 8 .4 7 ;  1 B  2 4 .9 4 ,  5 0 .5 6 ,
2 2 5 .4 2  p p m  X -ray : m o n o c l in ic  c r y s t a l s  ( P 2 1 / c > 3 = 9 4 .8 4 5 0 ( 2 0 ) ,  a = 1 2 . 1 2 1 2 ( 4 ) ,
b = 8 . 2 1 8 2 0 ( 2 0 ) ,  c = 1 4 . 5 1 5 9 ( 3 ) A 2 = 4  d e t e r m i n e d  with 4 8 8 4  r e f l e c t i o n s ,  1 8 7 7  
u n iq u e  re f lec t ions  a n d  1 5 5 7  with g r e a t e r  than  2 .5  s ig m a  on  a  0 .0 8  X 0 .2 0  X 0 .2 2  m m  
c ry s ta l .  For s ign if ican t re f lec t ions  the  r e s id u a ls  a r e  Rf= 0 .0 2 5  a n d  Rw= 0 .0 1 8 .  A tom ic  
p o s i t io n s  a r e  l is ted  in a p p e n d ix  A.
T r i a z a c v c l o d o d e c a n e C h r o m i u m f O I T r i - c a r b o n v l . 2 , (T y p ic a l  r e a c t io n  
c o n d i t io n s  a r e  t h o s e  of r e a c t io n  0 3 2 4 8 9 0 1 .)  To 0 .3 6 g  ( 1 . 6  m m ole )  of (C H T )C r(C O ) 3  
a n d  0 .3 2 g  (1 .9  m m ole)  [1 2 ] a n e N 3  u n d e r  n itrogen 15 ml of distilled h e x a n e  w a s  a d d e d .  
T h e  s u s p e n s i o n  w a s  s t i r re d  a n d  h e a t e d  to  reflux. After 1 6  h o u rs  of reflux th e  ho t  
m ix tu re  w a s  filtered with a  g l a s s  frit. T h e  yellow p rec ip i ta te  w a s  dr ied  u n d e r  v a c u u m  to 
y ie ld  0 .3 5 g  ( 1 . 1  m m ole)  o f  2  for a  7 1 %  yield. C r ( C O ) 6  p r e c ip i ta te d  from  th e  h e x a n e  
so lu t io n  u p o n  coo ling . IR: N-H 3 3 0 0  c m ' 1 C-H 2 9 4 0 ,  2 9 2 0 ,  2 8 7 0  c m ' 1 C - 0  1 8 9 0 ,  
1 7 5 0 s h ,  1 7 3 0  c m ' 1 E le m e n ta l  A n a ly s e s  ( o b s e r v e d /c a l c u l a t e d  for C - |2 *-l2 l N 3 C r 0 3 ): 
N %  1 3 .9 4 /1 3 .6 7  C %  4 6 .7 2 /4 6 .9 0  H %  7 .1 1 /6 .8 9  1 H n m r:  2A 1 .2 5 ,  1 .6 ,  1 .7 8 ,  
1 .9 9 ,  2 .3 5 - 2 .5 ,  2 .5 5 - 2 .7 5 ,  2 .9 ,  4 .6 7 ;  2B 1 .63 ,  2 .4 ,  2 .8 ,  4 .5 2  p p m  1 3 C  nm r:  2 A 
2 3 . 6 3 ,  2 4 .4 1 ,  4 6 .6 5 ,  5 0 .2 3 ,  5 2 .1 2 ,  2 3 0 .3 0 .  2 3 1 .7 3 ;  2B 2 3 .8 9 ,  4 9 . 9 7 ,  2 2 9 . 2 0
1 1 2
p p m .
T r i m e t h v l t r i a z a c v c l o d o d e c a n e M o l v b d e n u m f O I T r i - c a r b o n v l . 3 .  (T y p ica l  
re a c t io n  c o n d i t io n s  a r e  t h o s e  of r e a c t io n  0 5 2 3 8 8 0 1 . )  M e 3 [ 1 2 ] a n e N 3  0 . 1 1 10g  (0 .520  
m m o le )  a n d  0 .2 1 3 3 g  (0 .8 0 8  m m o le )  M o (C O )e  w e r e  h e a t e d  to 15 0 °C  for 2 0  m in u te s  
u n d e r  n itrigen in d eca i in .  T h e  so lu tion  w a s  c o o le d  a n d  filtered th ro u g h  a  g l a s s  frit. T h e  
p re c ip i ta te  w a s  w a s h e d  with h e x a n e  a n d  d r ied  u n d e r  v a c u u m  to yield 0 . l 2 5 5 g  (0 .319  
m m ole )  of 3  for a  6 1 %  yield. IR: C-H 3 0 0 0 ,  2 9 7 0 ,  2 9 6 0 ,  2 9 3 0 ,  2 9 0 5 ,  2 8 5 0 ,  2 8 1 0  
c m ' 1 C - 0  1 9 0 0 ,  1 8 9 5 ,  1 7 6 5 s h ,  1 7 5 5 ,  1 7 4 5  c m ' 1 E l e m e n t a l  A n a l y s e s  
( o b s e r v e d /c a l c u l a t e d  for  C 1 5 H 2 7 N 3 M 0 O 3 ): N %  1 0 .5 1 /1 0 .6 8  C %  4 5 .5 9 /4 5 .8 0  H%
6 .6 8 /6 .9 2  1 H nm r: 1 3 C  nmr: 2 3 .0 2 ,  5 6 .0 6 ,  5 9 .4 4 ,  2 2 7 .2 8  p p m (C D C I3 )
C ry s ta l s  w e re  g ro w n  from a  s a t u r a t e d  so lu t io n  of 3 in n i t r o m e th a n e  with v a c u u m  
reduction  o f  solvent. T h e  so lven t w a s  rem o v ed  b y  th e  c o n d e n s a t io n  of so lv en t  in a n o th e r  
p a r t  of t h e  tu b e  u n d e r  sub-boiling  co n d i t io n s .  T h e  c ry s ta ls  a r e  O r th o rh o m b ic  ( P b n m )  
a = 8 . 7 9 4 1 ( 6 ) ,  b = 1 3 . 9 5 0 1 ( 5 ) ,  c = 1 4 . 1 3 9 5 ( 7 ) A ,  Z = 4  d e t e r m i n e d  w i th  4 0 3 5
re f lec t ions ,  1956  u n iq u e  reflec t ions  a n d  1 3 6 4  with g r e a te r  t h a n  2 .5  s ig m a  o n  a  0 .2 0  X 
0 .2 0  X 0 .2 0 m m  c ry s ta l .  For s ig n if ic an t  re f le c t io n s  th e  r e s id u a l s  a r e  R f= 0 .0 5 2  a n d  
Rw= 0 .0 6 1 .  Atomic po s i t io n s  a re  l is ted  in a p p e n d ix  B.
T r i me t hy l t r i a z a c v c l o d od ec a n eP a l l a d i u m f l l l d i ch l o r i d e . 4, (T y p ica l  r e a c t io n  
c o n d i t io n s  a r e  t h o s e  of  reac t io n  0 3 0 6 8 9 0 1 .)  P d C l 2  2 N C P h  [0 .3 4 g  (0 .8 9  m m o le )]  in 
2 5  ml of  b e n z e n e  w a s  gravity  f i l te red  th ro u g h  filter p a p e r  into  0 .3 1 g  (1 .5  m m ole)  
M e 3 (1 2 ] a n e N 3 . T h e  r e d - o r a n g e  p re c ip i ta te  w a s  filtered a n d  w a s h e d  with two 7  ml 
a l iquo ts  o f  b e n z e n e  a n d  dr ied  u n d e r  v a c u u m  to y ie ld  0 .1 9g  (0 .49  m m ole) of 4 for a  54%  
y ie ld .  IR: C-H 2 9 8 0 ,  2 9 4 0 ,  2 9 0 0 ,  2 8 5 0 ,  2 7 8 0 ,  2 7 6 0  c m ' 1 Pd-C I 2 9 0  c m ' 1
E le m e n ta l  A n a ly s e s  (o b s e r v e d /c a lc u la te d  for C i 2 H 2 7 N 3 P d C l 2 ): N% 1 0 .6 8 /1 0 .7 6  C%  
3 6 .6 8 /3 6 .8 9  H% 7 .0 3 /6 .9 7  1 H n m r:  {CDCI3  n e a r  th e  s lo w  e x c h a n g e  limit bu t 
u n a s s i g n e d ) ;  1 3 C n m r :  4B 2 1 .0 4 ,  2 3 .2 0 ,  4 2 .7 6 ,  5 0 .6 9 ,  5 5 .4 2 ,  5 5 .4 2 ,  6 2 .9 9 ;  4A
1 1 3
2 1 .9 4 ,  2 2 .2 7 ,  4 0 .2 9 ,  5 2 .5 2 ,  5 6 .2 2 ,  5 7 .7 7 ,  6 1 .8 6  pp m  (CD CI3  s low  e x c h a n g e  limit)
Tr i me t  h vl  tr i aza  c vc  I o d o d e c a n e N i  e k e  I (Midi b r o m i d e .  5, (T y p ic a l  r e a c t io n  
c o n d i t io n s  a r e  t h o s e  of re a c t io n  0 3 1 6 8 9 0 2 / 0 3 1 6 8902A .)  T o  a  s u s p e n s i o n  of 0 .2 6 g  
(0 .8 4  m m o le )  (D M E )N iB r2  in 1 0  ml h e x a n e  u n d e r  n i t ro g e n  w a s  a d d e d  0 . 1 9g  (0 .89 
m m ole) of M e 3 [1 2 ] a n e N 3  in 8  ml h e x a n e .  T h e  s u s p e n s io n  w a s  stirred  for 16 h o u r s  a n d  
f il te red . It w a s  d e t e r m in e d  th a t  th e  re a c t io n  w a s  in c o m p le te  s o  0 .0 9 g  (0 .4 m m o le )  
M e 3 [1 2 ] a n e N 3  in 1 2  ml of h e x a n e  w a s  a d d e d  to  th e  solid  u n d e r  nitrogen a n d  s t ir red  for 
a n  add itiona l 16 h o u rs .  T h e  filtered solid w a s  d r ied  u n d e r  v a c u u m  to yield 0 .2 7 g  (0.63 
m m o le )  of 5 for a  7 5 %  yield. IR: C-H 2 9 5 0 ,  2 9 2 0 ,  2 8 7 0 ,  2 8 2 0  cm-1 E le m e n ta l  
A n a l y s e s  ( o b s e r v e d / c a l c u l a t e d  fo r  C-| 2 H 2 7 N 3 fsJi B r 2 ): N% 9 .6 7 /9 .7 3  C %
3 3 .1 2 /3 3 .3 7  H %  6 .4 3 /6 .3 0  th e  s a m p le  w a s  d e te r m in e d  to  b e  p a r a m a g n e t i c  by  nm r 
a n d  F a r a d a y 's  B a la n c e .  T h e  e lec tro n ic  s p e c t r u m  re s u l t s  in n -b u tan o l  a r e  [ab so rp t io n  
m a x im u m  (e x t in c t io n  coe ff ic ien t) ]  : 9 2 7 n m ( 5 1 ) ,  7 6 9 n m ( 2 1 ) ,  4 6 4 n m { 5 0 ) .
T r i a z a c v c l o d o d e c a n e - o r t h o f o r m a m i d e M o l v b d e n u m ( Q ) t r i - c a r b o n v l , 6,
(Typical re ac t io n  c o n d i t io n s  a r e  t h o s e  of  0 6 2 0 8 8 0 1 . )  A so lu t io n  of 0 .1 2 8 0 g  (0 .706  
m m o le )  of  t h e  o r th o fo rm a m id e  in 9 .5  ml of  ch lo ro fo rm  w a s  d r ied  o v e r  s o d iu m  su lfa te  
for o n e -h a l f  an  h o u r .  T h e  o r th o fo rm a m id e  so lu t io n  w a s  la y e re d  o n  to p  o f  a  10 ml 
c h lo ro fo rm  so lu t io n  c o n ta in in g  0 .1 9 4 5 g  ( 0 .7 1 5  m m o le )  of (C H T )M o (C O ) 3  u n d e r
n i t ro g e n .  T h e  so lu t io n s  w e r e  p r o te c te d  from  th e  light by a  a lu m in u m  foil. After 16 
h o u rs  th e  so lv e n ts  w e re  r e m o v e d  by  sy r in g e  a n d  the  p rec ip i ta te  w a s  w a s h e d  with h e x a n e  
a n d  th e n  m e th y le n e  ch lo r id e .  T h e  solid  w a s  d r ie d  u n d e r  v a c u u m  to y ie ld  0 .1 6 5 2 g  
(0 .441 m m o le )  o f  6  for a  6 5 %  yield. IR: C -H  2 9 4 0 ,  2 8 5 0 ,  2 7 8 0  cm-1 C - 0  1904, 
1 7 8 5 ,  1 7 6 3  c m ' 1 E le m e n ta l  A n a ly s e s  ( o b s e r v e d /c a l c u l a t e d  for C 1 3 H 1 9 N 3 M 0 O 3 ): 
N %  1 1 .4 3 /1 1 .6 3  C %  4 2 .8 4 /4 3 .2 2  H %  5 .2 5 /5 .3 0  1 H nm r: 1 3 C n m r :  2 2 .8 1 ,  
5 2 . 4 8  a n d  2 3 0 . 4 0  p p m .  T h e  C r y s ta l  is  m o n o c l in ic  (P2- j / m) 8 = 1 0 7 . 7 0 4 ( 8 ) ,
a = 7 . 7 3 6 4 ( 6 ) ,  b = 1 2 . 5 0 4 6 ( 1 0 ) ,  c = 7 . 7 7 4 1  ( 1 0 )A, Z = 2  d e t e r m i n e d  w i th  1 5 7 0
re f lec t ions ,  12 7 0  u n iq u e  re f lec t ions  a n d  1 1 5 3  with g r e a t e r  th a n  2 .5  s ig m a  o n  a  0 .2 0  X 
0 .1 8  X 0 .0 4 m m  c ry s ta l .  T h e  r e s id u a ls  for s ign if ican t  r e f le c t io n s  a r e  R f= 0 .0 2 9 7  a n d
1 1 4
R w = 0 -0 2 1 9 .  T h e  a to m ic  p o s i t io n s  a r e  listed in a p p e n d ix  C.
T r i a z a c v c l o d o d e c a n e - o r t h o f o r m a m i d e T u n o s t e n f O H r i c a r b o n v l . 7,  w a s
s y n t h e s i z e d  by re a c t in g  a p p ro x im a te ly  0.1 g (0 .3  m m ole )  c y c lo h e p ta t r i e n e  tu n g s ten (O )  
t r ic a rb o n y l  with a p p ro x im a te ly  0.1 g  (0.5 m m o le )  of th e  o r th o fo rm a m id e  in 10  ml of 
m e th y le n e  ch lo r ide  u n d e r  n i trogen .  T h e  so lu t io n  w a s  re f luxed  to  form  a  ye llow  solid. 
T h e  so lid  w a s  c o l le c te d  by  c en tr i fu g a t io n ,  w a s h e d  with m e th y le n e  ch lo r id e  a n d  d r ied  
u n d e r  v a c u u m . T h e  infrared  s p e c t r u m  of th e  so l id  is c o n s i s t e n t  with th e  m o ly b d e n u m  
c o n g e n e r  with  C -H  s t r e t c h e s  a t  2 9 4 0 ,  2 9 2 0 ,  2 8 5 0 ,  2 8 0 0 ,  2 7 5 0  c m ' 1 a n d  C O  
s t r e t c h e s  a t  18 9 5 ,  1 7 7 5 s h ,  1 7 5 0  c m - 1 . H o w ev e r ,  unlike 6  th e  s e a l e d  nm r s a m p l e  of 
7 s h o w e d  only g u a n id in iu m  a n d  th e  o r th o fo rm a m id e  in bo th  t h e  1 3 C a n d  1 H n m r  after 
only  four d a y s  with g uan id in ium  be in g  the  m ajor s p e c i e s .  T he  E le m e n ta l  A nalys is  of 7  is 
low  fo r  bo th  c a r b o n  a n d  n i t ro g e n  ( o b s e r v e d /c a l c u l a t e d  for C-1 3 H 1 9 N 3 W O 3 ) N% 
8 .8 3 / 9 . 3 6  C %  3 3 .4 0 / 3 4 .7 6  H %  4 .3 7 /4 .2 6 .
T r i a z a c v c l o d o d e c a n e - o r t h o f o r m a m i d e P a l l a d i u m f l h  d i c h l o r i d e . 8,
a t t e m p t s  to s y n t h e s i z e  th i s  p r o d u c t  in b e n z o n i t r i l e  f ro m  p a l l a d iu m - d ic h lo r id e  
b i s b e n z o n i t r i l e  a n d  t h e  o r th o f o r m a m id e  ( 1 1 - 1 5 - 8 8 )  a s  w ell  a s  in w a t e r  f rom  
p a l l a d iu m  d ic h lo r id e  a n d  t h e  o r th o f o r m a m id e  (0 6 -2 6 -8 9 )  f a i le d .  T h e  i m m e d ia t e  
fo rm ation  of a  b lack  solid  w a s  o b s e r v e d  in t h e s e  trials. T h e  m etallic  s h e e n  of t h e  g ro u n d  
so l id ,  lack  of in f ra red  p e a k s ,  lack  of c a rb o n ,  n i t ro g e n  a n d  h y d r o g e n  in th e  e le m e n ta l  
a n a ly s i s  a n d  th e  g e n e r a l  a p p e a r a n c e  of th e  solid in d ica te s  palladium(O) is th e  p ro d u c t .
T r i a z a c v c l o d o d e c a n e - o r t h o a c e t a m i d e M o l v b d e n u m ( O U r i - c a r b o n v l . 9,
(T yp ica l  reac t io n  c o n d i t io n s  a r e  t h o s e  of 0 6 2 0 8 8 0 2 . )  A so lu t io n  of  0 .0 7 2 7 g  (0 .3 7 3  
m m o le )  of the  o r th o a c e ta m id e  in 9 .5  ml of ch o ro fo rm  w a s  dr ied  o v e r  so d iu m  s u l f a te  for 
0 .5  hou r .  T h e  o r th o a c e ta m id e  so lu tion  w a s  la y e re d  o n  top of a  10 ml ch loroform  so lution 
c o n ta in in g  0 .1 4 9 0 g  (0 .5 4 8  m m o le )  of (C H T )M o (C O ) 3  u n d e r  n i t ro g en .  T h e  so lu t io n s
w e r e  p r o te c te d  f rom  t h e  light w ith  a lu m in u m  foil. After 16  h o u r s  th e  s o lv e n t  w a s  
r e m o v e d  by sy r inge  a n d  th e  p rec ip i ta te  w a s  w a s h e d  with h e x a n e  a n d  th en  with m e th y le n e  
c h lo r id e .  T h e  so l id e  w a s  d r ied  u n d e r  v a c u u m  to  yield 0 .0 4 0 1 g  (0 .1 0 7  m m ole)  of 9  for 
a  2 8 .6 %  yield. H ig h e r  y ie lds  a r e  p o s s ib le  a n d  th e  reac tion  t im e s  m a y  b e  r e d u c e d  to
1 1 5
m in u te s ,  h o w e v e r ,  th is  p r o c e d u r e  p ro d u c e d  h igh  quality  c ry s ta l s  a n d  th is  is im p o r tan t  
b e c a u s e  t h e  so l id  is  v e ry  difficult to  purify. IR: C-H 2 9 5 0 ,  2 9 3 0 ,  2 8 3 0  c m ' 1 C -O  
1 9 0 5 ,  1 7 8 0 ,  1 7 4 5  c m * 1 E l e m e n t a l  A n a l y s e s  ( o b s e r v e d / c a l c u l a t e d  fo r  
c 14 h 2 1 n 3 M o 0 3 ): N% 1 1 .1 8 /1 1 .2 0  C %  4 4 .7 0 /4 4 .8 1  H%  5 .6 2 /5 .6 4  1 3 C nm r:
-2 .8 2 ,  2 2 .3 4 ,  4 8 .6 0 ,  9 3 .5 2  a n d  2 3 0 .6 0  p p m .  X-ray: T h e  c ry s ta l s  a r e  O r th o rh o m b ic  
( p c m n )  a = 7 . 7 5 3 7 ( ) ,  b = 1 2 . 3 1 7 6 ( ) ,  c = 1 5 .6 5 6 3 { ) A ,  Z = 4  w i th  1 3 7 6  u n i q u e  
re f lec t io n s  a n d  1 1 4 5  with g r e a t e r  th an  2 .5  s i g m a  on  a  0 .2 0  X 0 .2 0  X 0 .2 0 m m  crys ta l .  
T h e  r e s id u a l s  for  s ig n if ic an t  re f le c t io n s  a r e  Rf= 0 .0 2 8  a n d  Rw = 0 .0 2 9 .  A to m ic  
po s i t io n s  a r e  listed in ap p en d ix  D.
T r i a z a c v c l o d o d e c a n e - o r t h o a c e t a m i d e T u n a s t e n f O t t r i c a r b o n v l . 1 0 ,  w a s
s y n t h e s i z e d  by  t h e  r e a c t io n  o f  a p p r o x im a te ly  0.1 g  ( 0 .3  m m o le )  t r i s - a c e to n i t r i l e  
T u n g s te n { 0 ) t r ic a rb o n y l  with a p p ro x im a te ly  0.1 g (0 .5  m m o le )  of  th e  o r th o a c e t a m id e  in 
10  ml of m e th y le n e  ch lo r ide  u n d e r  n i trogen . T h e  so lu tion  w a s  re f luxed  u n d e r  n itrogen  
for 4 8  h o u rs .  T h e  yellow -brow n solid  w a s  c o l le c te d ,  w a s h e d  with m e th y le n e  ch lo r id e  
a n d  d r ie d  u n d e r  v a c u u m .  T he  in frared  s p e c t ru m  is similar to  th a t  of 9 a n d  is c o n s i s t e n t  
with 10 with C-H s t r e t c h e s  a t  2 9 5 0 ,  2920 ,  2 8 5 5  c m - 1  a n d  C O  s t r e t c h e s  a t  1895  a n d  
1 7 5 0  c m * 1 . T h e  1 3 C nm r is a l s o  sim ilar to  th a t  of 9 w ith  p e a k s  a t  - 1 .0 3 ,  2 2 .3 7 ,  
4 8 .8 7 ,  9 3 .2 6  a n d  2 2 4 .1 8  pp m . N o d is t in g u ish in g  p e a k s  a r e  o b s e r v e d  in th e  1 H nm r 
with p e a k s  a t  1 .3 0 ,  2 .8 ,  1 .0 7 -2 .0  a n d  2 .4 -2 .9  p p m .  T h e  E le m e n ta l  A n a ly s is  is  low in 
c a r b o n  ( o b s e r v e d / c a l c u l a t e d  for  C^ 4 H 2 1 N 3 W O 3 ): N %  8 .7 0 /9 .0 7  C %  3 5 .2 6 /3 6 .3 0  
H% 5 .6 7 / 4 .5 7 .
T r i a z a c y c l o d o d e c a n e - o r t h o a c e t a m i d e P a l l a d i u m f U t d i c h l o r i d e .  1 1 ,
(Typica l re a c t io n  c o n d i t io n s  a r e  th o s e  of r e a c t io n  0 1 0 9 8 9 0 1 . )  T h e  a d d i t io n  of 0 .1 1g 
(0 .5 6  m m o le )  o f  t h e  o r th o a c e t a m id e  to 0 .0 8 g  (0 .2  m m o le )  of p a l la d iu m (l l )d ic h lo r id e  
b i s b e n z o n i t r i l e  in 6  ml b e n z o n i t r i le  u n d e r  n i t ro g en  p r o d u c e d  a  r e d  so lu t io n .  T h e  
layer ing  of 1 0  ml of to lu e n e  o n  to p  of th e  so lu tion  p r o d u c e d  a  red -b ro w n  p rec ip i ta te  a t  
th e  in te r fa c e .  After  s e v e ra l  d a y s  th e  s o lv e n t  w a s  r e m o v e d  by s y r in g e  a n d  th e  so lid  
w a s h e d  with t h r e e  5  ml a l iquo ts  of b e n z e n e  a n d  v a c u u m  d r ied .  IR: C-H 2 9 4 0 ,  2 9 2 0 ,  
2 8 4 0 ,  2 8 0 0 ,  2 7 4 0  c m ' 1 E l e m e n t a l  A n a l y s e s  ( o b s e r v e d / c a l c u l a t e d  fo r
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c 1 1 H 2 1 N 3 P d C , 2 ) : N %  1 1 -3 4 /1 1 .2 8  C %  3 5 .8 4 /3 5 .4 6  H %  5 .8 5 /5 .6 8  1 H nm r:  1 .3 3
(s) , 1 .6 9  (d o f  mult), 2 .4 3  {d of  d), 2 .7 5  (d of d) a n d  3 .1 5  (d of qu in t)  p p m  1 3 C  
n m r :  2 .4 5 ,  2 3 .2 6 ,  4 9 .2 9 ,  1 0 2 .1 5  p p m  X -ray  p a r a m e t e r s :  m o n o c l in ic  c r y s t a l s
P 2 1 / n  6 = 9 2 .7 6 0 ( 1 0 )  a = 7 .7 2 4 9 ( 5 )  b = 1 1 .8 1 6 6 < 5 )  C= 1 5 .4 5 1 8 ( 7 )  A, Z =4  w ith
7171 re f lec t ions ,  1 8 0 0  u n iq u e  re f lec t ions  a n d  16 8 4  with g r e a t e r  th a n  2 .5  s ig m a  o n  a  
0 .2 0  X 0 .2 0  X 0 .2 0 m m  cry s ta l .  T h e  re s id u a l s  for s ign if ican t  re f lec t io n s  a r e  Rf= 0 .0 2 5  
a n d  R w = 0.039 . A tom ic  p o s i t io n s  a r e  lis ted  in a p p e n d ix  E.
Tr i a z a  c v c l o d o d e c a  n e - o r t  h of  o r m a m i d e P l a t i n u m f  I Vl t e t ra  c h l o r i d e . 12 ,
(T yp ica l re a c t io n  c o n d i t io n s  a r e  th o s e  o f  r e a c t io n  0 6 2 0 8 9 0 1 . )  An a m o u n t  of 0 .1 8 g  
(0 .9 9  m m ole )  of  t h e  o r th o fo rm a m id e  w a s  a d d e d  to  a  so lu t io n  of  0 .1 6 g  (0.31 m m o le )  
p la t in ic  a c id  in 2 5  ml of d e io n iz e d -d is t i l l e d  w a te r .  A ye llow  p r e c ip i t a t e  f o r m e d  
im m e d ia te ly  a n d  r e d i s s o lv e d  with a d d i t io n  of m o re  t h a n  tw o m o la r  e q u iv a l e n t s  of 
o r th o fo rm a m id e .  T h e  so lu t io n  w a s  s t ir red  for 16 h o u r s  a t  room  t e m p e r a t u r e  with no  
o b s e r v a b le  c h a n g e .  T h e  so lu tion  w a s  th e n  h e a t e d  to 5 5 -6 0 ° C  for s e v e r a l  h o u r s  with th e  
fo rm a tio n  of a  ye llow  p rec ip i ta te .  T h e  so lid  w a s  c o l le c te d  a n d  d r ie d  u n d e r  v a c u u m  to 
y ield  0 .0 7 g  (0.1 m m o le )  of 12 for  a  4 0 %  yield. F u r th e r  h e a t in g  p r o d u c e d  ad d i t io n a l  
p r o d u c t  w h ich  c o n t a i n e d  im p u r i t ie s .  IR: N-H 3 2 6 0  c n r 1 C -H  2 9 7 0 ,  2 9 2 0 ,  2 8 6 0
c m ‘ 1 Pt-CI 3 0 5  c m '1  a n d  a n  u n a s s i g n e d  in te n s e  p e a k  a t  1 6 7 5  cm"1 E le m e n ta l
A n a l y s e s  ( o b s e r v e d /c a l c u l a t e d  for C i o H 1 9 N 3 p tC l4 ) N %  8 .00 /8 .11  C %  2 2 .9 7 /2 3 .1 8  
H %  3 .8 9 /3 .7 0  1 3 C  n m r  in p e rc h lo r ic  a c id  2 1 .5 1 ,  2 7 .8 4 ,  4 6 .1 0 ,  5 8 .2 7 ,  6 1 .7 1 ,
1 5 6 .2 1  p p m .
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APPENDIX A
[12JANEN3 MO(CO)3
T a b l e  A t o m i c  P a r a m e t e r s  x , y , z  a n d  B i s o .
E . S . D s .  r e f e r  t o  t h e  l a s t  d i g i t  p r i n t e d .
X y z B i s o
MO 0.73873 3) 0.369214) 0.00709323) 2 . 65216)
N 1 0. 8669 3) 0.3819 5) 0 . 13137 25) 3 . 50 17)
C 2 0 . 8753 4) 0.5333 6) 0.1855 4) 4.2 3)
C 3 0 .7624 4) 0.5944 6) 0.2070 3) 4 . 4 3)
C 4 0.6785 4) 0.4653 7) 0.2221 3) 3.89 23)
N 5 0.6311 3) 0.3956 5) 0.13332 24) 3.21 18)
C 6 0.5558 4) 0.2549 7) 0.1476 3) 4.3 3)
C 7 0.6166 4) 0.0953 7) 0.1656 4) 4 . 7 3)
C 8 0.6597 4) 0.0166 6) 0 .0825 4) 4 . 3 3)
N 9 0.7597 3) 0.0934 4) 0.0511 3) 3 . 63 1 8 )
CIO 0.8638 4) 0.0427 6) 0.1026 4) 4.04 25)
Cll 0 . 9626 3) 0.1412 6) 0.0783 3) 3 . 82 2 3 )
C12 0.9758 4) 0.3067 6) 0.1225 4) 4 . 0 3)
C13 0.8211 3) 0.3397 5) -0.09746 25) 3 . 15 1 9 )
013 0,8679923) 0.3203 4) -0 .16489 1 8 ) 5 . 15 1 7 )
Cl 4 0.6106 3) 0.3355 S) -0.07691 24) 3 . 06 1 9 )
014 0.5299522) 0.3129 4) -0.12606 18) 4 . 63 16)
C15 0.7354 3) 0.5931 5) -0.0329 3) 3 . 65 21)
015 0.7374 3) 0.7274 4) -0.06112 22) 5.55 1 8 )
H 1 0.844 6) 0.330 B) 0.172 4) 14 . 4 26)
H 2A 0 . 919 3) 0 .513 5) 0.246 3) 5 . 2 11)
H 2B 0 . 912 3 ) 0 . 602 6) 0 .151 3) 5 . 7 13)
H 3 A 0.776 3 ) 0. 653 5) 0.2671 23) 4 . 7 10)
H 3B 0 .724 3 ) 0. 667 5) 0 .160 3 ) 6. 1 13)
H 4A 0 .709 3 ) 0.376 5) 0 .2636 22) 3 . 8 9 )
H 4B 0 . 617 3) 0 .510 5) 0.2563 25) 4 . 8 10)
H 5 0 .594 3) 0 . 456 4) 0.1083 23) 2 . 3 11)
H 6A 0 . 508 3) 0.245 4) 0.0883 22) 3 . 4 9 )
H 6B 0.512 3) 0.281 5) 0.2029 24) 4 . 7 10)
H 7A 0.673 3) 0 .109 6) 0.223 3) 6.6 12)
H 7B 0.566 4) 0.022 6) 0. 196 3) 8 . 1 1 5 )
H 8A 0.595 3) 0.017 5) 0 . 0258 24) 4 . 7 10)
H SB 0 . 675 3) -0.092 5) 0.097 3) 5 . 1 12)
H 9 0.762 4) 0 . 070 6) -0.020 3) 11 .1 1 8 )
H10A 0 . 872 3) -0 . 069 4) 0.0924 24) 4 . 1 11)
H10B 0 . 851 3) 0 . 054 5) 0 . 177 3) 6 . 0 11)
HI 1A 0 . 9570 24) 0 . 156 4) 0.0047 23) 3 . 4 8 )
HUB 1.028 3) 0 . 083 5) 0.0936 23) 4 . 1 10)
H12A 1. 008 3) 0 .385 5) 0.0840 24) 4 . 7 11)
H12B 1.015 3) 0 .298 5) 0 . 194 3) 6 . 1 11)
B i s o  i s  t h e M e a n  o f t h e P r i n c i p a l A x e s o f  t h e  T h e r m a l E l l i p s o i d
1 2 1
Table of u(i,j) or U values *100.
E.S.Ds. refer to the last digit printed
u l l ( U )  u 2 2  u 3 3  u l 2  u l 3  u 2 3
MO 3 . 2 9 6 ( 1 9 ) 3 . 9 4 7  ( 2 1 ) 2 . 8 4 3 ( 1 8 ) 0 . 2 0 7  ( 2 3 ) 0 . 3 1 2  ( 1 4 ) 0 . 1 4 5 ( 2 3
N 1 4 . 1 8 ( 2 1 ) 4 . 2 4 ( 2 5 ) 4 . 7 6 ( 2 2 ) 1 . 4 9 ( 2 1 ) - 0 . 4 0 ( 1 8 ) - 1 . 6 4 ( 2 3
C 2 5 . 2 ( 3 ) 4 . 9 ( 4 ) 5 . 8 ( 3 ) - 0  . 7 ( 3 ) 0 . 0 ( 3 ) - 1 .  3 ( 3
C 3 6 . 9 ( 3 ) 4 . 5 ( 4 ) 5 . 3 ( 3 ) 0 . 4 ( 3 ) 0 . 9 ( 3 ) - 2 . 0 ( 3
C 4 4 . 7 < 3> 6 . 4 ( 4 ) 3 . 7 ( 3 ) 1 . 0 ( 3 ) 1 . 0 5 ( 2 4 ) - 0 . 2 ( 3
N  5 3 . 8 5 ( 2 1 ) 4 . 6 ( 3 ) 3 . 7 6 ( 2 1 ) 1 . 4 9 ( 2 2 ) 0 . 4 6 ( 1 8 ) 0 .  6 6 ( 2 2
C 6 3 . 6 ( 3 ) 7 . 3 ( 4 ) 5 . 5 ( 3 ) 0 . 0 < 3 ) 1 . 5 ( 3 ) 1 . 0 ( 3
C 7 6 . 0 ( 3 ) 5 . 5 ( 4 ) 6 . 7 ( 3 ) - 1 . 3 ( 3 ) 2 . 6 (  3 ) 0 . 7 ( 3
C 8 5 . 2 ( 3 ) 4  . 1 ( 3 ) 7 , 2 ( 4 ) - 1 . 1 ( 3 ) 1 .  6 ( 3 ) 0 . 3 ( 3
N  9 4 . 1 0 ( 2 1 ) 4 . 0 ( 3 ) 5 . 6 6 ( 2 3 ) 0 . 2 4 ( 1 8 ) 0 . 5 2 ( 1 8 ) 0 . 9 4 ( 2 1
C I O 5 . 3 ( 3 ) 3 . 7 ( 3 ) 6 . 4 ( 3 ) 1 .  6 ( 3 ) 0 . 7 < 3 ) - 0 . 3 ( 3
C l l 3 . 6 < 3 ) 5 . 4 < 3 ) 5 . 6 ( 3 ) 2 . 0 ( 3 ) 0 . 3 7 ( 2 3 ) 0 . 0 ( 3
C 1 2 3 . 6 ( 3 ) 5 . 3 ( 4 ) 6 . 4 ( 4 ) 0 . 1 ( 3 ) 0 . 5 ( 3 ) - 0 . 8 ( 3
C 1 3 4 . 0 5 ( 2 4 ) 4 , 7 ( 3 ) 3 . 2 1 ( 2 3 ) - 1 .  0 7 ( 2 3 ) - 0 . 0 5 ( 2 0 ) - 0 . 1 7 ( 2 3
0 1 3 5 . 5 4 ( 1 9 ) 9 . 8 ( 3 ) 4 . 4 7 ( 1 8 ) - 2  . 1 1 ( 1 9 ) 1 .  8 0 ( 1 6 ) - 1 .  6 3 ( 1 9
C 1 4 4 . 2 9 ( 2 4 ) 4 . 3 ( 3 ) 3 . 2 2 ( 2 2 ) 1 . 0 5 ( 2 3 ) 1 . 0 6 ( 2 0 ) 0 . 2 7 ( 2 2
0 1 4 4 . 5 0 ( 1 8 ) 7 . 5 ( 3 ) 5 . 3 7 ( 1 9 ) 0 . 8 5 ( 1 8 ) - 1 . 0 5 ( 1 6 ) - 0 . 8 9 <1 8
C 1 5 4 . 8 ( 3 ) 4 . 9 ( 3 ) 4  . 1 < 3 ) 0 . 3 3 ( 2 4 ) 0 . 4 3 ( 2 2 ) 0 . 1 9 ( 2 2
0 1 5 9 . 2 < 3 ) 4 . 5 5 ( 2 2 ) 7 . 4 6 ( 2 3 ) 0 . 4 3 ( 2 1 ) 1 . 5 7 ( 2 0 ) 1 . 1 6 < 1 9
H 1  1 8 . 2 ( 3 4 )
H 2 A  6 . 6 ( 1 4 )
H 2 B  7 . 2  ( 1 7 )
H 3 A  6 . 0 ( 1 3 )
H 3 B  7 . 7 ( 1 7 )
H 4 A  4 . 8 ( 1 2 )
H 4 B  6 . 1  ( 1 3 )
H 5  2 . 9 ( 1 4 )
H 6 A  4 . 3 ( 1 2 )
H 6 B  5 . 9 ( 1 3 )
H 7 A  8 . 3 ( 1 6 )
H 7 B  1 0 . 3 ( 1 9 )
H 8 A  5 . 9  ( 1 3 )
H 8 B  6 . 5 ( 1 5 )
H 9  1 4 . 0 ( 2 3 )
H 1 0 A  5 . 2 ( 1 4 )
H 1 0 B  7 , 6 ( 1 4 )
H 1 1 A  4 , 3 ( 1 0 )
H U B  5 . 2 ( 1 3 )
H 1 2 A  6 . 0 ( 1 4 )
H 1 2 B  7 . 7 ( 1 4 )
A n i s o t r o p i c  T e m p e r a t u r e  F a c t o r s  a r e  o f  t h e  f o r m  - -  
T e m p - - 2 * P i * F i * ( h * h * u l l * a s t a r * a s t a r +  + 2 * h * ) c * u l 2 * a s t a r * b s t a r +  )
1 2 2
APPENDIX B
TRIMETHYL[12]ANEN3 MO (CO) 3
T a b l e A t o m i c  P a r a m e t e r s  x , y , z  a n d  B i s o .  
E . S . D s .  r e f e r  t o  t h e  l a s t  d i g i t  p r i n t e d .
B i s o
MO 0 . 4 8 5 2 4 (  8 ) 0 . 1 2 2 7 4 (  6 ) 1 / 4 2 . 8 5 3 )
O 1 0 . 5 4 9 3 ( 1 2 ) - 0 . 0 9 5 3 ( 6 ) 1 / 4 8 . 6 8 )
O 2 0 . 2 3 0 4 ( 7 ) 0 . 0 6 8 6 ( 5 ) 0 . 1 0 9 1 ( 5 ) 5 . 8 3 )
N 1 0 . 4 3 2 8 ( 1 0 ) 0 . 2 9 1 1 < 6 ) 1 / 4 3 . 7 4 )
N 2 0 . 6 7 6 0 ( 8 ) 0 . 1 5 4 8 ( 5 ) 0 . 1 3 4 6 ( 6 ) 4 . 4 3 )
C 1 0 . 5 2 7 4 ( 1 2 ) - 0 . 0 1 2 7 ( 8 ) 1 / 4 4 . 6 6 )
c 2 0 . 3 2 8 4 ( 8 ) 0 . 0 9 1 1 ( 6 ) 0 . 1 6 1 1 ( 6 ) 3 . 6 3 )
c 3 0 . 8 1 7 9 ( 1 4 ) 0 . 1 0 6 7 ( 1 2 ) 0 . 1 5 7 2 ( 1 3 ) 1 0 . 5 1 0 )
c 4 0 . 8 9 8 2 ( 1 5 ) 0 . 1 4 2 5 ( 1 2 ) 1 / 4 6 . 7 1 0 )
c 5 0 . 5 7 7 0 ( 1 3 ) 0 . 3 2 0 9 ( 8 ) 0 . 0 9 5 3 ( 8 ) 5 . 8 5 )
c 6 0 . 4 3 4 ( 3 ) 0 . 3 2 2 5 ( 1 4 ) 0 . 1 4 4 0 ( 1 7 ) 6 . 8 1 2 )
c 6 ' 0 . 5 2 7 5 ( 2 4 ) 0 . 3 5 7 1 ( 1 1 ) 0 . 1 9 6 0 ( 1 3 ) 4 . 9 8 )
c 7 0 . 7 1 1 1 ( 2 0 ) 0 . 2 5 3 1 ( 1 0 ) 0 . 1 0 9 3 ( 1 3 ) 1 1 . 2 1 0 )
c 8 0 . 2 7 1 7 ( 1 8 ) 0 . 2 9 9 3 ( 1 3 ) 0 . 2 2 2 0 ( 2 4 ) 6 . 4 2 0 )
c 9 0 . 6 3 2 5 ( 1 9 ) 0 . 1 0 4 0 ( 1 2 ) 0  . 0 4 9 0 ( 1 0 ) 1 2 . 5 1 0 )
o 2 A 0 . 2 3 0 3 8 0 . 0 6 8 6 0 0 . 3 9 0 8 6 5 . 7 6
N 2 A 0 . 6 7 5 9 8 0 . 1 5 4 7 6 0 . 3 6 5 4 4 4 . 3 7
c 2 A 0 . 3 2 8 4 5 0 . 0 9 1 1 2 0 . 3 3 8 9 0 3 . 6 1
c 3 A 0 . 8 1 7 8 6 0 . 1 0 6 6 8 0 . 3 4 2 7 6 1 0 . 5 3
c 5 A 0 . 5 7 7 0 4 0 . 3 2 0 9 2 0 . 4 0 4 6 9 5 . 7 4
c 6 A 0 . 4 3 3 9 9 0 , 3 2 2 4 9 0 . 3 5 5 9 7 6 . 8 2
c 6 ' A 0 . 5 2 7 5 4 0 . 3 5 7 1 2 0 . 3 0 4 0 0 4 .  9 0
c 7 A 0 . 7 1 1 0 6 0 . 2 5 3 0 9 0 . 3 9 0 6 8 1 1 . 1 9
c 8 A 0 . 2 7 1 6 9 0 . 2 9 9 3 1 0  . 2 7 8 0 1 6 . 4 0
c 9 A 0 . 6 3 2 5 2 0 . 1 0 3 9 5 0 . 4 5 0 9 9 1 2 . 4 8
B i s o i s  t h e M e a n  o f t h e  P r i n c i p a l A x e s o f  t h e  T h e r m a l E l l i p s o i d
1 2 3
Table of u(i,j) or U values *100.
E.S.Ds. refer to the last digit printed
u l l ( U )  u 2 2  u 3 3  u l 2  u l 3  u 2 3
MO 3 . 1 4 < 4 ) 3 . 0 6 ( 4 ) 4 . 6 3 ( 5 ) - 0 . 1 5 ( 4 ) 0 . 0 0 0 0 . 0 0 0
0 1 6 . 3 ( 6 ) 3 . 1 ( 5 ) 2 3 . 5 ( 1 6 ) 0 . 1 ( 4 ) 0 . 0 0 0 0 . 0 0 0
0 2 6 . 8 ( 4 ) 7 . 9 ( 5 ) 7 . 2 ( 5 ) - 1 . 6 ( 3 ) - 2 . 3  ( 4 ) - 1 . 5  ( 4
N 1 4 . 5 ( 5 ) 2 . 8 ( 5 ) 6 . 6 < 7 ) 0 . 2 ( 4 ) 0 . 0 0 0 0 . 0 0 0
N 2 5 . 2 ( 4 ) 5 . 1 ( 4 ) 6 . 3 ( 5 ) - 1 . 4 ( 3 ) 2 . 4  ( 4 ) - 2 . 0  ( 4
C 1 3 . 2 < 6 ) 3 . 6 ( 6) 1 0 . 6 ( 1 1 ) - 0 . 7 ( 5 ) 0 . 0 0 0 0 . 0 0 0
C 2 4  . 1 ( 4 ) 4 . 2 ( 4 ) 5 . 4 ( 5 ) - 0 . 7 ( 3 ) - 0 . 1  ( 4 ) - 0 . 6  ( 4
C 3 7 . 6 < 8 ) 1 5 .  6 ( 1 5 ) 1 6 .  a ( 1 6 ) 2 . 4 ( 9 ) 5 . 9  ( 9 ) 0 . 2  ( 1 3
C 4 3 . 8 ( 7 ) 8 . 0 ( 1 2 ) 1 3 .  6 ( 1 6 ) - 0 . 3 ( 7 ) 0 . 0 0 0 0 . 0 0 0
C 5 8 . 5 < 7 ) 7 . 8 ( 7 ) 5 . 5 ( 6 ) - 1 .  6 ( 6 ) - 0 . 4  ( 6 ) 2 . 1  ( 6
C 6 1 3 . 1 ( 2 0 ) 4 . 5 ( 1 1 ) 8 . 3 ( 1 7 ) 0 . 9 ( 1 2 ) - 4 . 9  ( 1 6 ) 2 . 9  ( 1 1
C 6 ' 8 . 8 ( 1 3 ) 3 . 3 ( 8) 6 . 5 ( 1 1 ) - 1 . 3 ( 9 ) 0 . 6  ( 1 1 ) 1 . 3  ( 8
C 7 1 7  . 4 ( 1 5 ) 8 . 5 ( 9 ) 1 6 . 6 ( 1 5 ) - 0 . 8 ( 1 0 ) 1 2 . 4  ( 1 3 ) 1 . 7  ( 1 1
C 8 4 . 1 ( 7 ) 5 . 5 ( 1 0 ) 1 4 .  7 ( 4 4 ) 1 . 6 ( 7 ) - 0 . 5  ( 1 2 ) 2 . 5  ( 1 5
C 9 1 8 . 9 ( 1 5 ) 1 8 . 4 ( 1 6 ) 1 0 . 1 ( 1 0 ) - 1 0  . 2 ( 1 3 ) 9 . 0  ( 1 1 ) - 9 . 4  ( 1 1
0 2 A 6 . 8 0 0 7  . 9 0 0 7 . 2 0 0 - 1 . 6 0 0 2 . 3 0 0 1 . 5 0 0
N 2 A 5 . 2 0 0 5 . 1 0 0 6 . 3 0 0 - 1 . 4 0 0 - 2 . 4 0 0 2 . 0 0 0
C 2 A 4  . 1 0 0 4  . 2 0 0 5 . 4 0 0 - 0 . 7 0 0 0 . 1 0 0 0 .  6 0 0
C 3A 7 . 6 0 0 1 5 . 6 0 0 1 6 . 8 0 0 2 . 4 0 0 - 5 . 9 0 0 - 0 . 2 0 0
C 5 A 8 . 5 0 0 7 . 8 0 0 5 . 5 0 0 - 1 . 6 0 0 0 . 4 0 0 - 2 . 1 0 0
C 6A 1 3 . 1 0 0 4  . 5 0 0 8 . 3 0 0 0 . 9 0 0 4 . 9 0 0 - 2 . 9 0 0
C 6 ' A 8  . 8 0 0 3 . 3 0 0 6 . 5 0 0 - 1 . 3 0 0 - 0 . 6 0 0 - 1 . 3 0 0
C 7 a 1 7 . 4 0 0 8 . 5 0 0 1 6 . 6 0 0 - 0 . 8 0 0 - 1 2 . 4 0 0 - 1 . 7 0 0
C 8 A 4  . 1 0 0 5 . 5 0 0 1 4 . 7 0 0 1 .  6 0 0 0 . 5 0 0 - 2 . 5 0 0
C 9 A 1 8 . 9 0 0 1 8 . 4 0 0 1 0 . 1 0 0 - 1 0 . 2 0 0 - 9 . 0 0 0 9 . 4 0 0
A n i s o t r o p i c  T e m p e r a t u r e  F a c t o r s  a r e  o f  t h e  f o r m  —  




Table Atomic Parameters x,y,2 and Bi30.
E.S.Ds. refer to the last digit printed.
X y z B i s o
MO 0 . 3 5 5 8 7  ( 7 ) 1 / 4 0 . 0 3 9 7 3 7 ) 2 . 1 0 9 2 1 )
N 1 0 . 1 9 7 6 ( 6 ) 1 / 4 0 . 7 2 4 8 6 ) 2 . 3 5 2 2 )
C 2 0 . 0 9 6 3 ( 6 ) 0 3 4 5 7  ( 4 ) 0 . 6 3 8 5 6 ) 3 . 5 6 2 4 )
C 3 0 . 1 8 7 9 ( 7 ) 0 4 4 6 6  ( 4 ) 0 . 7 2 0 3 7) 4 . 1 3 )
C 4 0 . 3 8 3 5 ( 7 ) 0 4 4 2 9  < 4 ) 0 . 7 4 3 3 7 ) 3 . 7 3 )
N 5 0 . 4 6 9 6 < 4 ) 0 3 4 2 9 8  ( 2 4 ) 0 . 8 2 5 4 4 ) 2 . 3 4 1 4 )
C 6 0 . 6 6 5 8 ( 6 ) 0 3 4 8 1  ( 4 ) 0 . 8 4 9 7 7 ) 3 . 3 1 2 3 )
C 7 0 . 7 6 2 0 ( 9 ) 1 / 4 0 . 9 4 1 8 1 0 ) 4 . 0 4 )
C 1 3 0 . 3 8 4 9 ( 7 ) 1 / 4 0 . 7 1 9 7 7 ) 2 . 4 3 )
C 1 4 0 . 5 4 4 3 ( 8 ) 1 / 4 0 . 2 6 7 2 8 ) 3 . 3 3 )
0 1 4 0 . 6 5 4 6 ( 6 ) 1 / 4 0 . 4 0 3 9 5 ) 6 . 4 3 )
C 1 5 0 . 2 3 8 6 ( 5 ) 0 1 4 8 3  ( 3 ) 0 . 1 5 4 9 5 ) 2 . 9 8 2 0 )
0 1 5 0 . 1 6 8 6 ( 4 ) 0 0 9 0 1 5  ( 2 4 ) 0 . 2 2 5 0 4 ) 4 . 9 4 1 8 )
H 2 A - 0 . 0 2 8 t 5 ) 0 3 4 2  ( 3 ) 0 .  6 3 8 4 ) 3 . 0 9 )
H 2 B 0 . 0 9 5 ( 4 ) 0 3 4 4  ( 3 ) 0 . 5 2 6 4 ) 2 . 9 9 )
H 3 A 0 . 1 6 7 ( 5 ) 0 4 5 6  ( 3 ) 0 . 8 1 8 4 ) 3 . 4 1 1 )
H 3 B 0 . 1 4 3 ( 5 ) 0 5 0 4  ( 3 ) 0 .  6 5 8 5 ) 3 . 1 1 0 )
H 4 A 0 . 4 4 3 ( 5 ) 0 . 4 9 4  ( 3 ) 0 . 7 9 9 4) 1 . 8 9 )
M 4 B 0 . 4 0 8 ( 4 ) 0 4 5 0  < 3 ) 0 . 6 4 3 4 ) 2 . 5 9 )
H 6 A 0 . 6 8 3 ( 4 ) 0 . 3 6 2  ( 3 ) 0 . 7 4 3 4 ) 3 . 0 9)
H 6 B 0 . 7 1 5 ( S) 0 4 0 8  ( 3 ) 0 . 9 0 1 5 ) 3 . 1 1 0 )
H 7  A 0  . 7 7 7 ( 7) 1 / 4 1 .  0 5 7 7 ) 3 . 1 1 5 )
H 7 B 0  . 8 6 2 ( ■?) 1 / 4 0 . 9 2 1 7 ) 4 . 3 1 7 )
0 0 . 3 6 7 1 ( 1 4 ) 1 / 4 0 . 4 7 3 1 1 5 ) 2 . 3 6 )
B i s o  i s t h e  M e a n  o f  t h e P r i n c i p a l  A x e s  o f  t h e  T h e r m a l E l l i p s o i d
T a b l e o f  u ( i , j ) o r  U v a l u e s * 1 0 0  .
E . S . D s . r e f e r t o t h e  l a s t  d i g i t  p r i n t e d
u l l ( U ) u 2 2 u 3 3 u l 2 u l 3 u 2 3
MO 2 . 4 9  < 3 ) 3 - 2 2 < 3 ) 2 . 2 7 5 ( 2 5 ) 0  . o o o 0 . 6 8 5 ( 1 9 ) 0 . 0 0 0
N 1 2 . 1  < 3 ) 4  . 1 ( 3 ) 2 . 6  ( 3 ) 0 . 0 0 0 0 . 4 9 ( 2 0 ) 0 . 0 0 0
C 2 3 . 6  ( 3 ) 6 . 8 ( 4 ) 2 . 8  ( 3 ) 1 . 2 ( 3 ) 0 . 4 6 ( 2 1 ) 0 . 9  ( 3 )
C 3 5 . 8  ( 3 ) 5 . 0 ( 4 ) 4 . 6  ( 3 ) 2 . 7 ( 3 ) 1 . 5 ( 3 ) 1 . 8  ( 3 )
C 4 6 . 4  ( 4 ) 3 . 8 « 3 ) 4 . 1  ( 3 ) - 0 . 3 ( 3 ) 1 . 7 ( 3 ) 0 . 6  ( 3 )
N 5 2 . 9 0 { 1 9 ) 2 . 9 1 ( 1 9 ) 3 . 0 6  ( 1 9 ) - 0 . 0 3 ( 1 5 ) 0 . 8 8 ( 1 5 ) 0 . 1 3  ( 1 5 )
C 6 3 . 6  ( 3 ) 4 . 9 < 3 ) 4 . 4  ( 3 ) - 1 . 4 8 ( 2 4 ) 1 . 7 6 ( 2 3 ) - 0 . 3  ( 3 )
C 7 2 . 2  ( 4 ) 8 . 3 ( 6 ) 5 . 3  ( 5 ) 0 . 0 0 0 1 . 8 ( 4 ) 0 . 0 0 0
C 1 3 2 . 5  ( 3 ) 3 . 8 < 4 ) 2 . 4  ( 3 ) 0 . 0 0 0 0 . 0 1 ( 2 4 ) 0 .  0 0 0
C 1 4 3 . 1  < 4 ) 5 . 9 ( 4 ) 3 . 4  ( 4 ) 0  . 0 0 0 0 . 9 ( 3 ) 0 . 0 0 0
0 1 4 5 . 5  < 3 ) 1 4  . 0 ( 5 ) 3 . 4  ( 3 ) 0 . 0 0 0 - 0 . 5 ( 3 ) 0 . 0 0 0
C 1 5 4 . 3  ( 3 ) 3 . 8 ( 3 ) 3 . 7  ( 3 ) 0 . 2 5 ( 2 1 ) 1 . 8 9 ( 2 1 ) - 0 . 4 3  ( 2 1 )
0 1 5 8 . 7  ( 3 ) 4 . 4 6 ( 2 2 ) 7 . 7 3  ( 2 4 ) - 1 . 1 1 ( 1 9 ) 5 . 7 2 ( 2 1 ) 0 . 3 4  ( 1 9 )
H 2 A 3 . 8 ( 1 1 )
H 2 B 3 . 7 ( 1 2 )
H 3 A 4 . 3 ( 1 4 ) *
H 3 B 3 . 9 ( 1 3 )
H 4 A 2  . 3 ( 1 2 )
H 4 B 3 . 2 ( 1 2 )
H 6 A 3 . 8 ( 1 2 )
H 6 B 3 . 9 ( 1 3 )
H 7 A 4 . 0 ( 1 9 )
H 7 B 5 . 4 ( 2 1 )
0 1 . 8  ( 6 ) 1 . 6 ( 6 ) 5 . 9  ( 9 ) 0 . 0 0 0 2 . 1 ( 6 ) 0 . 0 0 0
A n i s o t r o p i c  T e m p e r a t u r e  F a c t o r s  a r e  o f  t h e  f o r m  - -  
T e m p » - 2 * P i * P i * ( h * h * u l l * a s t a r * a s t a r +  + 2 * h * l c * u l 2 * a s t a r * b s t a r +  )
1 25
APPENDIX D
CH3-CN3 ( CH2> 9 -M O ( CO) 3 (WQNG20)
Tab 1 0 Atomic Parameters >. g< t and Biso.
E S. Ds, refer to the last digit printed.
B i  s o
MO O. 151501 6) 1/4 O 494541 3) 2.041(20)
0 1 -0.0562 ( 6) 1/4 O 3268 1 3) 5 3 ( 3)
□ 2 O. 4004 ( 4) O. 09101123) 0. 40357 119) 4. 45 < 15)
N 1 0. 2129 ( 6) 1/4 O. 6419 1 3) 2. 45 (22)
N 2 -O.0250 1 4) 0.15611(25) O. 59212(20) 2. 43 (15)
C i 0.0244 ( 8) 1/4 0. 3907 1 4) 3. 0 ( 3)
C 2 0. 3037 ( 5) 0.I486 1 3) O. 43943(23) 2. 71 (18)
C 3 O.2887 ( 6) O. 1510 1 4) O. 6834 ( 3) 3. 68 (22)
C 4 0.2267 1 7) O. 0496 1 4) O. 6393 1 3) 3. 88 (23)
C 5 O 0337 < 7) 0. 0509 ( 4) 0. 6295 1 3) 3. 57 (23)
C 6 -O. 2149 ( 6) 0. 1498 1 4) O. 5790 1 3) 3. 52 (22)
C 7 -0.2821 < 9) 1/4 O. 5348 I 5) 3. 6 ( 3)
C 8 0. 0206 l 8) 1/4 O. 6485 1 4) 2. 4 ( 3)
C 9 -0 0557 (10) 1/4 O. 7376 1 4) 3. 6 ( 4)
H 31 O. 255 t 5) 0. 149 1 3) 0. 7519 (22) 3. 7 ( 8)
H 32 O. 417 1 5) O. 159 1 4) O. 681 1 3) 5. 7 (12)
H 41 O. 287 ( 4) O. 040 1 3) O. 5812 (21 > 3. 1 ( 9)
H 42 O. 259 ( 5) -O. 009 < 3) O. 6721 123) 4. 6 ( 11)
H SI 0. 007 ( 6) -0. 003 1 3) O. 5884 (22) 3. 7 ( 10)
H 52 -O.038 1 5) O. 037 1 3) 0. 6894 (22) 4. 2 (10)
H 61 -O.266 1 5) O. 131 1 3) O. 6433 (24) 4. 6 (10)
H 62 -O.237 1 5) O. 098 1 3) 0. 5468 (21 > 2. 7 ( 10)
H 71 -0.263 ( 7) 1/4 0. 466 ( 3) 2. 8 (13)
H 72 -O. 400 ( 7) 1/4 O. 540 ( 3) 3. 7 (15)
H 91 -0. 197 1 9) 1/4 o 734 ( 4) 8 3 (24)
H 92 -0 023 1 6) O 193 1 3) o. 769B (23) 5. 2 (13)
Biso is the Mean of the Principal Axes of the Thermal Ellipse
T a b l e  o f  u ( i , j  ) o r  U v a l u e s  *100 .
E b Ds r e f e r  t o  t h e  l a c t  
u l l ( U )  u 2 2  u33
MO 2. 291 3> ,-> 31 ( 3 ' CSI 3)
0 i 4 0 ( 3 ) 12 6 ( 5 > 3 6 ( 3)
O 5 9 9 ( 2 2 ) 3 8 5 ( I B ) 7 06; 21 )
N 1 0 2 ( 3 ) 4. 0 ( 3 ' 3 2 i 3)
N ■1 2 6 6 ( 19) u 7 5 < 19) 3 32 ' 19)
C I 2. 9 ( 4) 5. 1 ( 4 ) 3 3 ( 3)
C 2 3 6 < 3) 3 1 7 ( 2 4 ) 3 53 f 22)
c 3 3 2 ( 3 ) 6 6 ( 4 ) 4 2 C 3 >
c 4 5 4 ( 4 ) 4 2 ( 3 ) 5 2 ( 3)
c 5 5 4 ( 4) 3 1 ( 3 ) 5 1 ( 3)
c 6 2  8 ( 3 ) 4. 9 ( 3) 5 7 ( 3>
c 7 1 9  ( 4) 6. 5 ( 5 ) 5 4 ( 4 )
c 3 2 4 ( 4) 3 6 ( 4 ) 3 1 ( 3)
c 9 4. 2  ( 5 ) 6 4 ( 6 ) 3. 2 ( 4 >
H 31 4. 7  ( 10)
H 32 7. 2 ( 1 6 )
H 41 3  9 ( 12)
H 42 5. B( 14)
H 51 4. 6 (12)
H 5 2 5 3 < 1 3 )
H 61 3  8 ( 1 3 )
H 62 3  5 ( 1 3 )
H 71 3  5 (  1 6 )
H 7 2 4 7 ( 1 9 )
H 91 10 5 ( 3 1 )
H 9 2 6. 6 ( 1 6 )
d i g i t  p r i n t e d
u 12 •j 1 3 ’.j 2 7
O 000 07 i 7 > 0 000
0 000 - 0 75 ( 2r; » 0 ono
0 93 i10) L 7 7 ’!v > ■ 0 1 5 *ItJ
O 000 0 00i2Pi o -
0 00 (17) —o 0 7 i : V ) -o 0 4 116’
0 000 0 6 ( 2) n 000
-0 90 (r.i j 70(20) 0 5 7 ■ i
1 4 ( :i) “0 1 3 t 3 •
1 8 t j) 0 1 < 3> ] ■J C '5 1
c 1 ( 3) 0 4 ) o 7 < 3 k
- 1 39 (25' -0 03(24) -o 3 3 i
0 000 -0 6 t 3) n 000
0 000 0 0 ( 3) 0 000
0 000 0 i 4) 0 000
Anisotropic Temperature Factor* are of the form -- 
Temp*-2#Pi #P i*<h*h*ull»aster*astar+-- r2*h*k*u12*astar*bstarr ) 1 2 6
\APPENDIX E
[12]ANEN3-ORTHOACETAMIDE PALLADIUM DICHLORIDE
Table . Atomic Parameters x,y,z and Biso.
E . S . D s . r e f e r  t o t h e l a s t  d i g i t p r i n t e d .
X y z B i s o
PD 0 . 5 0 9 6 4  < 4 ) 0 . 6 8 4 4 9 6 ( 2 4 ) 0 . 2 0 1 1 2 6 ( 1 7 ) 2 . 4 1 7  ( 1 8 )
CL 1 0 . 6 3 4 6 9 ( 1 4 ) 0 . 5 2 3 3 8 ( 9 ) 0 . 1 5 1 5 6 ( 7 ) 3 . 4 6 ( 5 )
CL 2 0 . 6 0 1 9 1 ( 1 7 ) 0 . 6 5 2 7 2 ( 1 1 ) 0 . 3 4 2 2 4 ( 7 ) 4 . 2 0 ( 6 )
N 1 0 . 4 0 7 4 < 4 ) 0 . 7 5 1 0 ( 3 ) 0 . 0 8 4 7 8 ( 2 0 ) 2 . 3 7 ( 1 3 )
N 2 0 . 3 6 8 3 ( 5 ) 0 . 8 3 9 8 ( 3 ) 0 . 2 1 3 2 9 ( 2 4 ) 3 . 5 1 ( 1 6 )
N 3 0 . 1 5 0 1 ( 4 ) 0 . 7 2 6 7 ( 3 ) 0 . 1 6 0 8 9 ( 2 2 ) 3 . 0 1 ( 1 6 )
C 1 0 . 5 3 7 1 < 6 ) 0 . 8 3 0 5 ( 4 ) 0 . 0 4 9 8 ( 3 ) 4 . 0 9 ( 2 1 )
C 2 0 . 6 3 0 1 ( 7 ) 0 . 8 9 3 8 < 5 ) 0 . 1 2 1 8 ( 4 ) 5 . 5 ( 3 )
C 3 0 . 5 1 8 3 ( 8 ) 0 . 9 2 9 9 ( 4 ) 0 . 1 9 2 6 ( 4 ) 5 . 4 ( 3 )
C 4 0 . 2 9 5 2 ( 9 ) 0 . 8 6 9 1 ( 6 ) 0 . 2 9 1 4 ( 4 ) 6 . 1 ( 3 )
C 5 0 . 1 5 6 6 ( 1 0 ) 0 . 7 8 3 1 ( 6 ) 0 . 3 0 9 8 ( 4 ) 7 . 0 ( 3 )
C 6 0 . 0 4 1 6 ( 7 ) 0 . 7 6 1 2 ( 5 ) 0 . 2 3 1 1 ( 3 ) 5 . 2 ( 3 )
C 7 0 . 0 6 1 0 ( 6 ) 0 . 6 6 9 3 ( 4 ) 0 . 0 8 8 6 ( 3 ) 4 . 0 6 ( 2 2 )
C B 0 . 1 9 3 2 { 6 ) 0 . 6 0 3 9 ( 4 ) 0 . 0 4 0 8 ( 3 ) 3 . 7 3 ( 2 0 )
C 9 0 . 3 3 3 9 < 6 ) 0 . 6 7 7 4 ( 3 ) 0 . 0 1 1 8 ( 3 ) 2 . 9 8 ( 1 9 )
CI O 0 . 2 7 0 6 ( 6 ) 0 . 8 1 2 6 ( 3 ) 0 . 1 3 4 6 ( 3 ) 2 . 8 5 ( 1 7 )
C l l 0 . 1 9 0 2 < 9 ) 0 . 9 1 3 8 ( 5 ) 0 . 0 8 7 3 ( 5 ) 4 . 3 ( 3 )
H 1 A 0 . 6 2 9 0 . 7 8 2 0 . 0 1 1 4 . 7
H I B 0 . 4 7 1 0 . 8 8 9 0 . 0 0 3 4 . 7
H 2 A 0 . 6 9 2 0 . 9 6 9 0 . 0 9 4 5 . 7
H 2 B 0 . 7 3 4 0 . 8 4 1 0 . 1 4 9 5 . 7
H 3 A 0 . 4 4 8 1 . 0 0 8 0 . 1 7 3 6 . 4
H 3 B 0 . 5 9 7 0 . 9 5 0 0 . 2 5 1 6 . 4
H 4 A 0 . 2 3 2 0 . 9 5 2 0 . 2 8 3 6 . 2
H 4 B 0 . 3 8 8 0 . 8 7 7 0 . 3 4 8 6 . 2
H 5 A 0 . 2 2 7 0 . 7 0 7 0 . 3 3 0 6 . 8
H 5 B 0 . 0 8 8 0 . 8 1 4 0 . 3 6 5 6 . 8
H 6 A - 0 . 0 3 4 0 . 8 3 9 0 . 2 1 3 5 . 7
H 6 B - 0 . 0 5 5 0 . 6 9 6 0 . 2 4 5 5 . 7
H 7 A - 0  . 0 3 9 0 . 6 1 2 0 . 1 1 2 4 . 5
H 7 B - 0 . 0 0 3 0 . 7 3 0 0 . 0 4 4 4 . 5
H 8 A 0 . 1 3 0 0 . 5 6 0 - 0 . 0 1 5 4 . 2
H BB 0 . 2 4 8 0 . 5 3 7 0 . 0 8 4 4 . 2
H 9 A 0 . 2 8 4 0 . 7 3 1 - 0 . 0 4 1 3 . 6
H 9 B 0 . 4 3 9 0 . 6 2 6 - 0 . 0 1 2 3 . 6
H 1 1 A 0 . 1 4 4 ( 6 ) 0 . 8 9 0 ( 4 ) 0 . 0 3 8 ( 3) 3 . 6 ( 1 1 )
H U B 0 . 2 7 9 ( 6 ) 0 . 9 7 7 ( 4 ) 0 . 0 7 9 ( 3) 4 . 8 ( 1 2 )
H 1 1 C 0 . 1 2 5 ( 6) 0 . 9 3 5 < 4 ) 0 . 1 1 5 ( 3) 3.3 ( 1 4 )
i o  i s t h e  M e a n  o f t h e P r i n c i p a l A x e s o f  t h e  T h e r m a l E l l i p s o i d
1 2 7
Table of u(i,j) or U values *100.
E.S.Ds. refer to the last digit printed
u l l ( U ) u 2 2 u 3 3 u l 2 u ! 3 u 2 3
PD 3 . 1 9 (  3 ) 2 . 7 2 3 ) 3 . 1 9  ( 3 ) 0 . 1 9 7 ( 1 1 ) - 0 . 5 6 6 ( 1 5 ) - 0 . 1 6 8 ( 1 2 )
C L  1 4 . 0 9  ( 6 ) 3 . 5 1 6 ) 5 . 5 4 (  7 ) 0 . 9 1 ( 5 ) 0  . 0 6 < 5 ) - 0 . 9 4 ( 5 )
CL 2 6  . 9 0  ( 9 ) 5 . 3 2 7 ) 3 . 5 1 (  6 ) 0 . 8 8 < 6 ) - 2 . 2 4 ( 6 ) - 0  . 0 6 < 5 )
N  1 2 . 9 2 ( 1 8 ) 3 . 0 7 1 9 ) 3 . 0 0 ( 1 8 ) - 0 . 2 4 < 1 5 ) 0 . 1 0 ( 1 4 ) 0 . 4 2 < 1 4 )
N 2 5 . 8  < 3 ) 3 . 2 3 2 0 ) 4 . 0 9 ( 2 2 ) 1 . 1 0 < 1 8 ) - 1 . 7 8 ( 1 8 ) - 1 . 6 8 ( 1 7 )
N  3 2 . 8 7 ( 1 9 ) 5 . 0 0 2 2 ) 3 . 5 9 ( 2 0 ) 0 . 6 7 < 1 7 ) 0 . 4 9 ( 1 5 ) 0 . 1 1 ( 1 7 )
C 1 4 . 8  < 3 ) 4 . 9 3 ) 5 . 8  ( 3 ) - 1 .  9 8 < 2 3 ) - 0 . 3 3 ( 2 4 ) 1 . 5 7 ( 2 3 )
C 2 6 . 1  ( 3 ) 4 . 9 3 ) 9 . 8  < 4 ) - 2 . 8 < 3 ) - 2 . 1 < 3 ) 2 . 6 < 3 )
C 3 9 . 1  < 4 ) 2 . 8 3 ) 8 . 0  ( 4 ) - 0 . 4 < 3 ) - 4 . 5 < 4 ) - 0 . 7 7 ( 2 4 )
C  4 9 . 6  ( 5 ) 8 . 1 4 ) 5 . 1  ( 3 ) 4 . 9 < 4 ) - 2 . 0 ( 3 ) - 2 . 9 (  3 )
C 5 1 0 . 7  ( 5 ) 1 2 . 1 6) 4 . 0  < 3 ) 7 . 3 ( 5 ) 2  . 0 < 3 ) - 0 . 1 < 3 )
C 6 4 . 7  < 3 ) 9 . 9 4 ) 5 . 1  < 3 ) 3 . 0 < 3 ) 1 . 5 7 < 2 4 ) 0 . 8 < 3 )
C 7 3 . 4  < 3 ) 6 . 6 3 ) 5 . 4  ( 3 ) - 1 . 1 6 ( 2 2 ) - 0 . 7 3 ( 2 2 ) 0  . 6 4 ( 2 5 )
C 8 5 . 2  < 3 ) 4 . 6 3 ) 4 . 3  ( 3 ) - 1 . 3 3 < 2 3 ) - 0 .  6 7 ( 2 2 ) - 0 . 9 2 < 2 1 )
C 9 4 . 8  < 3 ) 4  . 1 3 ) 2 . 3 6 ( 2 2 ) - 0 . 5 1 ( 1 9 ) - 0 . 5 1 ( 1 9 ) - 0 . 6 5 ( 1 7 )
C I O 4 . 0  < 3 ) 3 . 1 9 2 5 ) 3 . 5 4 ( 2 5 ) 0 . 7 7 ( 1 8 ) - 0 . 8 1 ( 2 0 ) - 0  . 3 9 ( 1 7 )
C l l 5 . 9  ( 4 ) 4  . 6 3 ) 5 . 8  ( 4 ) 1 . 7 < 3 ) - 1 . 5 < 3 ) - 0 . 4 < 3 )
H 1 A  
H I B  
H 2 A  
H 2 B  
H 3 A  
H 3 B  
H 4 A  
H 4 B  
H 5 A  
H 5 B  
H 6 A  
H 6 B  
H 7 A  
H 7 B  
H 8 A  
H 8 B  
H 9 A  
H 9 B  
H 1 1 A  
H U B  









4 . 5  
6 . 0  
4 . 2
< 1 4 )
< 1 5 )
< 1 8 )
A n i s o t r o p i c  T e m p e r a t u r e  F a c t o r s  a r e  o f  t h e  f o r m  - -  
T e m p » - 2 * P i * P i * ( h * h * u l l * a s t a r * a s t a r +  + 2 * h * k * u l 2 * a s t a r * b 3 t a r +  )
1 2 8
A PPEND IX  F
1,5,9 Triazacyclododecane 
( [12]aneN3 )
1,5,9 Trimelhyl 1,5,9 triazacyclododecane 
(M e3[12]aneN3 )
1,5,9 Triazacyclododecane orthoformamide 
( orthoformamide )
1,5,9 Trizazcyclododecane orthoacetamide 
( orthoacetamide )
H
^  /  H'
/  N
M= Mo (I) / ------------------'
triazacyclododecane 
molybdenum trica





rbonyl \  /
K tM= Mo L= CO n= 3 (3)
tri-N-mcthyl triazacyclododecane M  L„ 
molybdenum tricarbonyl





tri-N-methyl triazacyclododccar^^ \  /  
palladium dichloride (4) Pd C I2
N - y ^ ' N -
M (C O ) 3
M= Mo R= H (6)
triazacyclododecane orthoformamide 
molbdcnum tricarbonyl
M= W R= H <7)
triazacyclododecane orthoformamide 
tungsten tricarbonyl
M= Mo R= Me (9)
triazacyclododecane orthoacetamide 
molbdcnum tricarbonyl
M= W R= Me (10)
triazacyclododecane orthoacetamide 
tungsten tricarbonyl
M= Pd R= Me X=C1 n= 2 (11) 
triazacyclododecane orthoacetamide 
palladium dichloridc
M= Pt R= H X=CI n=4 (12)
triazacyclododecane orthoformamide 
platinum tetrachloride
129
52.00
95.94
MoNb Rh
183.85
12.011 14.007
35.45358.71
106.4
Cd Sb
Pb
195.09
